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abstract: We have studied the reconstitution of basement membrane molecules from extracts prepared . 
fron the basement membrane of the EHS tumor. Under physiological conditions and in the presence of 
adc ed type IV collag^n-and heparan sulfate ; proteglycan, gellike structures form whose ultrastructure appears? 
; . as iriterco^ dense zone of basement membrane. The major .conv.p 

r Jporents of tfc^^ type IV collagen, heparan sulfate proteoglycan, , ; 

'^'entictin^knci nidoge^ proporUons-dn r^mtitutiqnvsu^wting^it 




connective tissues. contain different species of collagens, 
glycoproteins, and proteoglycans (Eyre, 1980; Bofnstein & 
Sage, 1980j KJeinman et al., 1981; Hay, 1982). These mac- 
romolecule$ form the matrix structures that contribute to the 
physical characteristics of tissues as well as provide unique 
substrates (or the resident ceils. For example, the matrix 
produced b|y cultered fibroblasts consists of a dissociable 
complex of type I collagen, fibronectin, and heparan-containing 
and chondroitin sulfate containing proteoglycans (Hedman et 
al., 1983). Similarly, Schubert & LaCorbiere (1980) dem- 
onstrated tic presence of complexes containing collagen, 
proteglycan, and glycoprotein in the media of cultured 
myoblasts 2 nd neural retinal cells. These complexes which 
they termed adherons also supported the attachment of cells 
(Schubert it LaCorbiere, 1982; Schubert et al., 1983). 

In the p esent paper, we examine the macromolecular 
complexes ii ivolved in the formation of basement membranes. 
Basement nembranes are thin but continuous sheets that 
separate epi helium from stroma and surround nerves, muscle 
fibers, smooth muscle cells, and fat cells (Kcfalides, 1973; 
Vracko, 19; 4; Timpl & Martin, 1982; Laurie et al., 1983). 
Basement membranes contain type IV collagen (Kcfalides, 
1973; Orkir et al., 1976), the glycoproteins laminin (Timpl 
et al., 1979; Chung et al., 1979), entactin (Carlin et al., 1981), 
and nidogei (Timpl et al., 1983), and heparan sulfate pro- 
teoglycans (kanwar & Farquhar, 1979; Hassell et al., 1980, 
1985). In vanous studies, these materials show a contribution 
(Leivo et alJ. 1982; Hayman et al., 1982; Laurie et al., 1982, 
1984b) both! within the lamina densa and within its extensions 



^acl^^tbVla electron microscopy, t* 

. iwm^hieritsjapj^ 5-nm-wide cords (Laurie 

; £ra£ 19^ microscopy, their eofr 

tributibn suggests that the formation of basement membra* 
occurs through their, interactions. Type IV collagen moleoito 
form intermolecular disulfide bonds and associate in a 
tinuoiis network (Timpl et al., 1981; Veis & Schwartz, l*t 
Fessler & Fessler, 1982; Bachinger et al., 1982; Yurchco* 
& Furthmayr, 1984) which can be visualized in baseme* 
membranes digested with plasmin (Inoue et al., 1983) 

Various components of the basement membrane art 
to interact with each other. In vitro studies with purifr* 
components show that laminin binds through its short cbaP 
to native but not to denatured type IV collagen and thrW 
a domain in its long chain to the heparan sulfate proteoglye* 
(Terranova et al., 1980; Woodley et al., 1983; Rao et al., I#* 
Alone each of these basement membrane components is & 
uble. When these macromolecules, however, are mu^ ^ 
gether in vitro, they form a floccular precipitate contain* 
laminin, type IV collagen, and heparan sulfate proteoglj^ 
in a 1:1:0.1 molar ratio (Kleinman ct al., 1983). Howe* 
this precipitate lacks the resiliency and consistency exp*** 
of basement membrane structures. 

In this study, we have incubated extracts of the 
containing a mixture of proteins under physiological Gondii 
and analyzed the components that interact and gel. ^ 
studies show that under physiological conditions certain & 
ponents of the basement membrane including type IV 
laminin, heparan sulfate proteoglycan, nidogen, and entt^. 
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in rather constant proportions to form a gel with 
structures resembling in width those in basement 
ncs . Under the conditions employed here, each of 
ponents appears to be required for the reconstitution 
irix. H »s proposed that the components of the gel 
,ramolecular complexes, which may be intermediates 
relation of the matrix. The reconstituted matrix 
the growth and differentiation of melanoma and 
tin ^>tber cells. 
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ii^ektal Procedures 

Hiteipals. Type IV collagen, laminin, and heparan sulfate 
gltcan were prepared from the EHS tumor (Timpl et 
«, i979|; Hassell et al., 1980, 1985; Kleinman et aL, 1982). 
$tt thfc tumor tissue was washed in 3.4 M NaCl and 0.05 
i ins(lWroxymethyl)aminomethane hydrochloride (Tris- 
|0). PH 7 - 4 ' containing protease inhibitors (Orkin et al M 
«% Tiihpl d al - 1^ 7 ^)< tnc basement membrane matrix was 
^ctcc) with 0.5 M NaCI in 0.05 M Tris-HCl, pH 7.4. 
^infwas isolated from the 0.5 M NaCl extract as pre- 
^siy described (Timpl et al. f 1979). The residue of tumor 
frbm lathyritic animals was extracted with 2.0 M 
pajdini in 0.05 M Tris-HCl, pH 7.4, followed by an cx- 
^^ooo with the same buffer containing 0.005 M ditbiothreitol 
tftubifze the type IV collagen (Kleinman et aL, 1982). 
ty heparan sulfate proteoglycan was purified from 
ID M urfca extracts of the tumor by ion-exchange chroma- 
ajppby followed by cesium chloride density centrifugation 

molecular sieve column chromatography (Hassell et al:; : . 
^•1985). Heparin was obtained from Sigma Chemical 
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amount of protein in the precipitate was determined by the 
Lowry procedure. The total amount of laminin was estimated 
by using the Lowry procedure but corrected for the relative 
amount of minor components present using scans of the gels. 
The amount of type IV collagen incorporated into the gel was 
quantitated by using 1 ^-labeled type IV collagen, and heparan 
sulfate proteoglycan incorporation was quantitated by using 
[ 35 S]sulfate-labeled material of known specific activities in 
parallel experiments. Estimates of the amount of nidogen and 
entactin in the gel were obtained by scanning negatives of 
photographs of the gels in a Helena densitometer and then 
related to the amount of laminin and total protein in the gel. 

Rotary Shadowing. The 2.0 M urea extract equilibrated 
in 0.5 M NaCl and 0.05 M Tris-HCl, pH 7.4, was placed on 
a Sepharose 4B column. An aliquot (30 jiL) of the peak 
fraction (0.1 mg/mL) eluting from the column was diluted 
with 300 nL of 0.155 M ammonium acetate, pH 7.4, and 600 
jiL of glycerol. For rotary shadowing, the mixture was sprayed 
onto mica, shadowed with platinum-palladium, carbon coated, 
and examined in a JEOL 100C electron microscope. 

infrastructure of Reconstituted Components. The gel was 
prepared essentially as described above. Briefly, 0.2 mL of 
the extract was incubated alone or in the presence of type IV 
collagen and heparan sulfate proteoglycan overnight at 35 °C. 
The gel was isolated by centrifugation at 10000 rpm for 10 
min and then fixed in 2.5% glutaraldehyde, treated with 1% 
OsOj, block-stained with 2% uranyl acetate, and dehydrated. 
!T *Th£ «cj;was Tthen processed through E^n)for electron mi- 
{fctos&w Thin sections were stained witW|ur^nyI ! acetate and 
^leia^citrat^ in^J.EOL /00^%lectron micro- 

^ai^i. Thin sections of rat kidney tubule b^ment membranes 
; iwre obtained "as previously described (U^ri^fetllal , 1 984b) : 



«dM5 :M Tris-HCl;. pH 7.'4 V overnight at 4 ^ahd cen- 
itfogingat lOOOOgj for 30 ; min. T^e residue was .washed once 
tub the same volume of buffer ; Then4ne extract arid wash. 

3ined, ;dialyzed^against 0.l5-M?NaCI jn 0.05 M 
Tr*HCl, pH 7 4 (TBS); and ccntrifuged at 1 5 000 rpm in 
SorvaU 1 ^ntrifuge^for 20 min to rcmove ; a small amount of 
Mhible material. The surjernabnt fraction was stored at -20 
*C in smlll aliquots and used in, the reconstitution assays 
tehbed below. Using quantitative ELISA assays, this ex- 
net waslfpund to contain laminin (3.5 mg/mL), type IV 
((}.l mg/mL), and heparan sulfate proteoglycan (0.1 
■l/mL). ; Entactin, nidogen, and other minor components 
(UemmanjetaL, 1982; J. R. Hassell, unpublished results) were 
ito present Entactin and nidogen were identified on the basis 
their migration in sodium dodecyl sulfate (SDS) gels and 
ras-reacjivity in Western blot analyses with antibodies ob- 
jured frori A. Chung and R. Timpl, respectively. For column 
dromatodraphy, the extract was dialyzed into 0.5 M NaCl 
judO.05 M Tris-HCl, pH 7.4, and ccntrifuged at 40000 rpm 
Jfcr 1 h to (remove insoluble material. 
} Reconsitution Assays. Gelation was carried out in a cen- 
afoge tube to which 0.05-0.1 mL of the 2 M urea extract 
ns added in physiological buffer. Purified components dis- 
«W in 0.|5 M NaCl and 0.05 Tris-HCl, pH 7.4, were added 
atbe extract or were incubated together at the concentrations 
adicaied. The final volume was made up to 0.5 or 1.0 mL 
•«h<U5 vl NaCl and 0.05 M Tris-HCl, pH 7.4, and the 
! *mp)es were incubated for 1 h at 35 °C. Insoluble material 
I «as isolate i by centrifugation, and the pellets were dissolved 
3 sample buffer and electrophoresed in either 5% of 7.5% 
^lamide under reducing conditions (Laemmli, 1970). Each 
^pcrimeni was repealed a minimum of 3 times. The total 
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Eagle's medium (lacking phenol red for visualization ofjtbc 0 
pigmentation of the cells) containing glutamine^ ahlibiotics, V 
.20 mM tyrosine, and 5% fetal calf serum^AfteKU^eekv'the^ 
cells were photographed. . ^V - ' t "%YM. 

Results : ^ 

The assembly of basement membrane components was'an- 3 
alyzed by using purified basement membrane components as 
well as unfractionated extracts of basement membrane. Pu- : 
rifled type IV collagen, laminin, and heparan sulfate proteo- 
glycan formed a flocculent precipitate when incubated under 
physiological conditions for 1 h at 35 °C (Kleinman et aL, 
1983). In contrast, a gel formed when urea extracts of 
basement membrane are dialyzed against physiological saline 
and then warmed to 35 °C for I h. The components of the 
gel were isolated by centrifugation and examined by SDS gel 
electrophoresis. The amount of laminin, entactin, and nidogen 
present in the gel was found to increase as increasing amounts 
of type IV collagen were added until some 50% of the material 
in the extract was incorporated into the gel (Figure 1 A, C). 
Heparan sulfate proteoglycan also caused increasing amounts 
of basement membrane comonents to precipitate (Figure IB). 
Separation by gel electrophoresis and determination of the 
relative amounts of major components in the gel by scanning 
the negatives of the gels indicated that constant ratios of 
laminin, entactin, and nidogen are obtained in the presence 
of added type IV collagen (Figure IC) or of heparan sulfate 
proteoglycan (data not shown). When both type IV collagen 
(1 50 jjg) and heparan sulfate proteoglycan (10 ^g) were added 
to the extract, up to 80% of the protein present was incorpo- 
rated into the gel (data not shown). Since the smaller chains 
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figure 2: Effect of time and added type IV collagen on the ge^tn 
of the basement membrane extract. The conditions are similar i 
those described in the legend for Figure 1. This figure comptm 
gelation in the presence (•) and absence (O) of type IV collates <9 
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Type IV Collagen Added, m9 

figure !: QiTcct of type IV collagen, heparan sulfate proteoglycan, 
and heparin on the gelation of basement membrane components from 
the basemei it membrane extract. Increasing amounts of each com- 
ponent wen added to 100 fit of the extract and incubated for 1 b 
at 35 °C in I U 5 M Nad and 0.05 M Tris-HCl, pH 7.4. Tne samples 
were then a ntrifuged, and the pellet was dissolved in sample buffer. 
Equal aliqut is of the samples were dectrophoresed in 5% acrylamide, 
fixed, and st dned with Coomassie blue. (A) Effect of type IV collagen 
on the a mm nt of protein in the gel. (B) Quantitative effects of type 
IV collagen, heparan sulfate proteoglycan, and heparin on the amount 
of protein piesent in the gel. The Lowry assay was used to determine 
the amount >f protein. (C) Effect of type IV collagen on the amount 
of laminin, ; lidogen, and entactin in the gel. Densiometric scans of 
the SDS gels were used to determine the relative amounts of these 
components in the gel. The amounts of nidogen and entactin were 
estimated o$ the basis of their relative density and the total protein 
in the gel. 

of laminin (coclectrophorescd with the chains of type IV col- 
lagen and prevented its visualization in the SDS gel, we used 
3 H-labcledj type IV collagen of known specific activity in 
separate experiments to measure the amount of type IV col- 
lagen. Li Wc wise, since heparan sulfate proteoglycan cannot 
be visualized in the gels, 35 S- labeled heparan sulfate proteo- 
glycan wag used. These studies showed that in a typical ex- 



v ^--'nGURE 3: v ?Efleci *f temperature on the Relation of exwdi 
x basement jnembcane. The experiment was carried out in the proa 
■; V45J-'of type IV collagen (50 Mg) as described in the legend for Fiputl 
'< v. ^Gelation was i sioppedtby centrifugation at the times indicated. 

periment lam^ (264 ± 56 1 

of the maicriaj; in the gel, type IV collagen for 30% (125* 
7 /xg), heparan sulfate proteoglycan for less than 3% 
0.7 Mg), nidogen for 5%, and entactin for less than 1%. 
values are comparable to the proportions of laminin (15 otf 
wet weight), type IV collagen (8 mg/g), and heparan sa* 
proteoglycan (1 mg/g) present in the EHS tumor (Klein* 
et aL, 1982). In contrast, supplementation of the extract 
either type I collagen, fibronectp (data not shown), or hqpjj 
(Figure IB) did not cause any increased precipitation, 
eating that specific interactions are involved. Removal of* 
protein core of the proteoglycan by incubation overnight •* 
0.5 N NaOH destroyed its ability to induce polymeria* 
suggesting that the protein portion of the proteoglycan * 
volved in binding to other components (data not shew 
Under physiological conditions, the gelation proce* 
complete within 20 min (Figure 2). The formation of uVr 
is strongly dependent on temperature with maximum p4P 
creation at 35 °C (Figure 3). The lack of interaction * 
°C suggests that thermal denaturation inactivates a 
constituent. 

The stability of the gel to dissolution was examined by 
various solvents. The gel was not dissolved by cold to; 
salt (0. 1 5 or 0.5 M NaCl) but was partially dissolved by 
solutions (43% solubilized) and almost completely dis ^ 
in 2.0 M guanidine (97%) or in 2.0 M urea solutions. ™\ 
suggests that the components are linked by relatively s 
but noncovalent bonds. When the guanidine-dissolved go 
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4 Ability of the basement membrane extract to regeJ following 
LrftttiM of the gel. The first lane, designated "whole extract", 
pgost Ytes the components in toe starting material. The "1st gel" 
^goat s the components in the gel formed in the presence of type 
H'tofla, 5cn. The material present in the gel formed in the absence 
type IV collagen (not shown) was solubilized for 20 min in 2.0 M 
Jgtfn \ dialyzed against 0.05 M Tris-HCl, pH 7.4, containing 0. 1 5 
fSid and allowed to regel in the absence (not shown) and presence 
4 type I V collagen (designated "2nd gel"). The cycle was repeated 
<4&k> tal times ("3rd geT and "4th gel"). Shown are equal aliquots 
en on the gelatio, J&c g« Is electrophoresed in a 5% acrylamide gel. 
3ns arc similar n ' 

figure compare Ifcjyzec against physiological bufTers and warmed in the 
* 1 collagen (50 l^nci of type IV collagen, gellike structures were recon- 
ted| This process could be repeated several times with 
^portions of laminin, nidogen, and entactin depositing 
achlstcp as determined by SDS-polyacryiamide gels 
1). Densiomethc -scans of the gels indicated that 
od type iV collagen were 94% of the total material 
[en and entactin represented 5% and 1%, respectively. 
|tbc presence of added type IV collagen, re-formation of the ;; 
^ occurred more rapidly, and greater amounts of the com- 
l^tf Were der^ite^ 

; We nqKt determined <, whether soluble complexes of basement ; _ 
jgcobrajie components existed. .When the urea extract was . 

pree of urea and passedover a Sepharose 4B column 
jOi M jNaCl (associative conditions), laminin, nidogen, and /' 
eluted in a major included peak"(Rg;ure 5Xfi)l& 
Wkn the material in the major included peak was pooled and 
emu ove> the same molecular sieve column in 4 M guanidine 
(issociative conditions), these components separated. in the 
expected from their molecular weights (Figure 5A,C). 
Tkse rciults indicate that there are strong but noncovalent 
hoods joining laminin, nidogen, and entactin in the complex. 
Iflury shadowing electron microscopy of the major included 
pk material confirmed the presence of soluble complexes 
(Figure 5(A). The complexes involved the proteoglycan which 
fpcars as a large globule due to collapse of the heparan sulfate 
■de chains in this kind of preparation (G. W. Laurie et ah, 
■published results) surrounded by several laminin molecules. 
Tknidoien and entactin molecules could not be distinguished 
■the electron micrographs but are known to be in the com- 
flexes fr^m the electrophoresis study (Figure 5B). 
The ul^rastructure of the reconstituted basement membrane 
tab witij and without type IV collagen and heparan sulfate 
poteogly^an was examined. In the asbence of added type IV 
aflagen ind heparan sulfate proteoglycan, the gel consisted 
i Dumerbus widely separated thin, filamentous aggregates 
iTigure fla). The addition of type IV collagen (not shown) 
* of heparan sulfate proteoglycan plus type IV collagen 
'figure 6|>) resulted in the formation of thin sheets which were 
aerconn 
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cted (Figure 6b) or were confluent. The individual 
".«gememJ of the network had an average width similar to that 

I* the laipina densa of kidney tubule basement membrane 
'figure 6£). However, unlike native basement membranes in 
•foch ianjiina densalike layers are arranged in parallel, such 
*• for example, the PVS tumor basement membranes 
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figure 5: Sepharose 4B column chromatography of the 2.0 M urea 
extract. Two milliliters of the whole extract equilibrated in either 
2 M urea, 0.15 M NaCl, and 0.05 M Tris, pH 7.4 (dissociative), or 
0.5 M NaCl and 0.05 M Tris, pH 7.4 (associative), was placed on 
a Sepharose 4B column (2 X 60 cm) equilibrated in the corresponding 
buffer. (A) Aliquots of the designated fractions from the extract 
chromatographed in associative (B) or dissociative (C) conditions were 
analyzed by SDS-polyacrylamide gels. In addition, an aliquot of the 
material etuting from the column run under associative conditions 
was examined in the electron microscope by rotary shadowing (A). 
The electron micrographs show that the most common complex in 
the peak fractions involves a central heparan sulfate proteoglycan and 
numerous peripheral laminin molecules. Entactin and nidogen are 
not readily visualized in these complexes. 

(Martinez-Hernandez et al., 1982) or Reichert's membrane 
(Inouc et al., 1983), the lamina densalike structures were 
interconnected and did not form parallel multilamellar 
structures. At very high power in the electron microscope, 
each segment could be resolved into 5-nm cords as previously 
described in other basement membranes (Inoue et al., 1983; 
Laurie et al., 1984). 






figure 6: Electron micrographs of reconstituted gels and an authentic 
basement mertbrane. (a) Gel formed in the absence of added type 
IV collagen of heparan sulfate proteoglycan. The gel consists of 
ents with occasional interconnections, (b) Gel formed 
i of added type IV collagen and heparan sulfate pro- 
teoglycan. Thfe edge of the gel is at the top. The gel consists of an 
interconnected network; the network is made up of structures which 
are similar injwidth to the lamina densa part of native basement 
membranes. These lamina densalike structures vary somewhat in 
thickness, (c) Kidney tubule basement membrane from a 100-g rat. 
The basement bembrane consists of the lamina lucida and lamina 
densa. Extensions from the lamina densa attach it to the cell mem- 
brane (arrowheads). Bar - 200 Mm; 42750X. 

The reconsjituted basement membrane was used to coat the 
surfaces of bacteriological petri dishes and tested as a substrate 
for the growth and differentiation of various cells. Melanoma 
cells (B16C3)ishowed considerable differences in morphology 
when grown on the basement membrane gel as compared to 



:; : FIGURE:?: . Effect of the basement membrane gel on the raorpbokc 
and differentiation of B16C3 melanoma cells in cultures Sterile 2, 
, v , M ,urea extract of the EHS tumors in 0.15 M NaCl and 0.05 U 
; V Tris^HCl, pH 7.4, was allowed to gel on the surface of tfpetnia ? 
: :^f6r30;miriar37 °C. Then equal numbers of cclU c we^pUp^, 
»?*tliejgel (left).pr <mto c»ntrbl , tissue culture plastic dishes^ri^^Jw' 
£ vtw^Bkim ^;culture m;DMEM contaiiiing 20 mM tyrasihe^tijffi& 
glutanune/aiid 5% feu! caltseruin, the cells were pKc$^li^(A) ! 
MorphbJ6^;and asseumcm of melanogenesis by the cells>(B) Dirt* 
riewof the dishes. Tiegel it theedge;has been deilectedito stei 
that the cells are attached to it • 1 .V 

■> ■ • . h •••-•••v- •-:^&b$x^S 

tm^qak^s^^^pffm^ ^Further, tKcw^s'i^ni* 
earlier and more extensive pigmentation of thralls on tto 
substrate. Preliminary studies of other cells showed that co- 
dothelial cells fonhod; tubelfo^ 
Grotendorsti unpublished results) and that hepatocytes wr- 
vived longer on basement membrane gel substrates than m 
tissue culture plates or on type I collagen (L. Reid, unpublished 
results). In vivo, the basement membrane gel was found » 
promote peripheral nerve regeneration (Madison et aU I 0 **)- 
Such studies indicate that the reconstituted basement ©ear 
brane is a biologically active strbstrate which induces diver* 
cellular responses. Since it can support cell adhesion, growtk 
and differentiation beyond that reported for the individual 
components, it is likely that the reconstituted baseme* 
membrane gel contains these molecules in an active and if 
tbentic conformation. 

Discussion 

It is now well appreciated that, while collagens form t* 
major structural element of extracellular matrices, gly* 
proteins and proteoglycans are also important constituetf* 
regulating many other activities including cell-matrix id* 
actions (Hay, 1982; Timpl & Martin, 1982). Different** 
trices contain different sets of these matrix proteins wbj* 
together contribute to the unique physical and biologic* 
characteristics of tissues. 

In studies on the constituents of basement membranes.* 
have observed that they form supramolecular comply 
(Kleinman et al., 1 983). The individual components, type V ; 
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N T MEMBRANE COMPLEXES 

Ijniinin, and heparan sulfate proteoglycan, are soluble 
they precipitate when incubated in combination, 
nervations have led us to suggest that cooperative 
as are involved in their deposition into the basement 
,c This is not to say that the individual components 
tf-assemble. .Type IV collagen molecules obtained 
media of cultured cells form tetrameric aggregates 
rough the amino-terminal portion of the molecule 
a et al, 1982; Fessler & Fessler, 1982). Dimeric 
its of type IV collagen such as used here will form 
ien network, while laminin will also self-aggregate 
» & Furthmayr, 1984; Yurchenco et al, 1984). We 
however, that these components are synthesized 
tly and that cooperative interactions may predom- 
addition, such interactions are not likely to be im- 
the initial interactions since prior incubation of the 
dlagen, under conditions where type IV self-assem- 
aot affect the amount of material incorporated into 
s rate of gel formation, or the appearance of the gel 
led observations). 

itudy, we have attempted to determine whether 
components are involved in the formation of 
membrane and whether these are specific and 
trie interactions. In these studies, the basement 
ibratje of EHS tissues was extracted with a chaotropic 
it (i M urea) to disrupt noncovalent interactions and to 
yar ous glyepprdfeins and proteoglycans into solution. 
|$nu 11 ank«nfii.^^;'lV collagen are present in the 
•si ice it is cross-linked by disulfide bonds and by ly- 
leny sd croK-iinlu^Some of the: material in the ex tract : 
a gel wheh'jthejspluti pbysi 
sal ine arid brought to, 37 ^^ -C^, However, when type 1 



Was addedao'thevextract, th^e^Ws an 'increased - A >. — - - — * 

ritior of laminin, nidogen, and entactin. The addition^ ; 4 J^^? ha ct al r ;(i982)). Cells appear to ^Ve s specffic.^ 

>llagen plus heparan sulfate proteoglycan leads to" -^P 10 ? HQ} only for glycoproteins such as laminin. and, (fo^^^Si-: 
i wlma 1 ! incorporation of these compounds into a geliike 

ncuire containing inte>cohnc*tetf *h^ : ' : * ! v ^f*u6in et ^ aI.; i978;:Kurkinen et al., 1984; Bernfield & Ban- 
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laminin, nidogen, and entactin form defined complexes and 
that type IV collagen and heparan sulfate proteoglycan cause 
them to be incorporated into an insoluble gellike structure. 

Supramolecular complexes of matrix components have been 
observed in other systems and have been shown to consist of 
procollagen, proteoglycan, and fibrcnectin (Schubert & La- 
Corbiere, 1980; Hedman et ah, 1982; Schubert ct al., 1983). 
Again, these materials are produced by the same cell and may 
even be secreted together. Thus, it is possible that supramo- 
lecular complexes of matrix components arise in a variety of 
sites and have a role in the formation of as well as in deter- 
mining the composition of newly deposited extracellular ma* 
trices. 

Since matrix substrates affect the behavior of cultured cells, 
we tested the growth and differentiation of cells on the re- 
constituted basement membrane. To date, we and others to 
whom we have supplied the gel have found rather strong effects 
on the growth and differentiation of cultured cells. As shown 
here, melanocytes aggregate into clusters and show an ac- 
celerated melanogenesis. Hadley et al. (1985) have found that 
dissociated embryonic Sertoli cells will reorganize in the gel 
into tubular structures which resemble in organization the 
original tissue. The gel also encourages the in vivo growth of 
neurons (Madison et al., 1985) and the in vitro growth and 
differentiation of Schwann cells (D. Carey and M. Todd, 
unpublished results) and liver cells (L. Reid, unpublished 
results} In general,' epitheliar cells asstirn^ a 4 much, greater 
polarity on thisrsuj^ *dri*£r^ feminin^r^ ; 



containing i 

Experiments described here and previously suggest, that 
interactions are specific (TerranovaVet al, 1980; Woodley 
ii„ I9$3; Kleinman et al., 1983).; ; Fir. example, type ) 
cannot substitute for type IV collagen, nor fibronectin 
luninir| nor heparin for heparan sulfate proteoglycan. Such 
ifirity Is expected and parallels the known affinities of these 
iponenjts for binding to one another. In addition, there 
to| be a stoichiometric relation in the interaction of 
materials. When redissolved, the components of the gel 
[■constitute in the same proportions. Such behavior is expected 
these interactions occur through a limited number of specific 
|Wng sites as suggested in studies on their interactions (Rao 
iL, 1981 Mai & Chung, 1984; Laurie et al., 1984a; Dziadek 
liTimpl, 1985). However, it is possible that nidogen and 
j*tain and perhaps other minor components of the basement 
jWibrana may be involved in organizing the materials that 
[ncipitatd into gellike and sheetlike structures. 

Molecular sieve studies also supported the existence of su- 
Ijnmolecu a r complexes which were dissociable in guanidine, 
tad these [complexes were visualized directly after rotary 
wowing by electron microscopy. The major features of these 
duplexes appear to be a central core of proteoglycan sur- 
pindcd by several laminin molecules. Laminim alone does 
Inform such complexes but will when incubated with heparan 
!*ie pro^oglycan (G. W. Laurie et al., unpublished results). 
s idogen ajnd entactin could not be distinguished in these 
|*paratioijis perhaps because they are much smaller than the 
constituents. Taken together, these studies indicate that 



: erjee, 1982; Lattera et al., 1980). Presumably cells function 
best on their natural matrix with each cellular receptor bound 
to the appropriate matrix component. 

Added in Proof 

Since this paper was prepared, it has been found that ni- 
dogen has higher molecular weight forms similar in size to 
entactin. Thus, entactin and nidogen may be related proteins. 

Acknowledgments 

We thank Dr. Charles P. Leblond for his suggestions and 
Denise Haller and Irma Burke for typing the manuscript. We 
also thank Drs. Albert Chung and Rupert Timpl for the an- 
tibodies. 



References 

Bachinger, H. P., Fessler, L 

Chem. 257, 9796-9803. 
Bernfield, M., & Banerjee, 

291-305. 

Bornstein, P., & Sage, H. (1980) Annu. Rev. 
957-1003. 

Carlin, B., Jaffe, R., Bender, B., & Chung, A 

Biol. Chem. 256, 5209-5214. 
Chung, A. E., Jaffe, R., Freeman. J. U Vergness, J. P., 

Broginski, K. E., & Carlin, B. (1979) Cell (Cambridge, 

Mass.) 16. 277-287. 
Dodson, J. W.. & Hay. E. D. (1974) J, Exp. Zool. 189, 51-72. 



I., & Fessler, J. H. (1982) J. Biol. 
S. D. (1982) Dev. Biol. 90 % 
Biochem. 49, 
E. (1981) J. 



* 3 1* B I O C H b M I S 1 m 

Dziadek. ; M., & Timpi, R. (1985) £><r. Biol. Ill, 372-382. 
Eyre. D; R. (1980) Science (Washington. D.C.) 207 ', 
I3I5-I322. 

Fesslcr. t. I.. & Fessler, J. H. (1982) J. Biol Chem. 257 ', 
9804-5(810. 

Goldberg; B. (1979) Cell (Cambridge. Mass.) 16, 265-275. 
Gospodarowicz, D.. & Lui, G. M. (1981)7. Cell. Physiol 109 
69-82. 

Hadley. ty., Suarez-Quian, C, & Dym, M. (1985) J. Cell 

Biol. l^L 1 5 11-1522. 
Hassell, jj R., Gehron Robey, P., Barrach, H. J., Wilczek, J., 
Rennard, I., & Martin, G. R. (1980) Proc. Natl. Acad Sci 
US. A. 77 ', 4494-4498. 
Hassell, Jj R„ Lcyshon, W. C, Ledbetter, S. R., Tyree, B., 
Suzuki, IS., Masoto, K., Kimata, K., & Kleinman, H. K 
(1985) /. Biol. Chem. 260, 8098-8105. 
Hay, E. Di (1982) Am. J. Anat. 165, 1-12. 
Hayman, £ G., Oldberg, A., Martin, G. R., & Ruoslahti, E. 

(1982) J. Cell. Biol. 94, 28-35. 
Hedman, K., Johansson, S., Vartio, T., Kjeilen, L., Vaheri, 
A., & H6ok, (1982) Cell (Cambridge, Mass.) 28, 663-671. 
Inoue, S.. Lieblond, C. P., & Laurie, G. W. (1983) J. Cell Biol 

97, 15241-1537. 
Kanwar, Y, S., & Farquhar, M. G. (\919)Proc. Natl. Acad 

Sci. US. A. 76, 4493-4497. 
Kefalides, N. A. (1973) Int. Rev. Connect. Tissue Res. 6, 

Kleinman, H. K., KJcbe, R. j., & Martini G^Mm0X£ll^ 
■ Biol. 88, 1473-485. - *•" /• 

"fori - ' 



k L E I N M A N 1 1 



Wartiovaara, J. (1982) £xp. O// /to. /J7. 15-23. 
Liliie, J. H., & MacCallum, D. K. (1982) Eur. J. Cell B 
29, 50-60. 

Madison. R., da Silva, C. F., Dikkes, P., Chiu, T.-H 

Sidman, R. (1985) Exp. Neurol. 88, 767-772. 
Mai. S., & Chung, A. E. (1984) Exp. Cell Res. 152. 500-5 
Martinez-Hernandez, A., Miller, E. J., Damjanov, | M & g 

S. (1982) Lab. Invest. 471, 247-257. 
Orkin, R. W., Gehron. P., McGoodwin, E. B., Martin. G 
Valentine, T., & Swarm, J. R. (1977) J. Exp. Med I 
204-220. 

Rao, C. N„ Margulies, 1. M., Traeka, T. S., Terranova. 
P., Madri, J. A., & Liotta, L. A. (1 983) J. Biol. Chem * 
9740-9744. 

Rojkind, M., Gatmaitan, Z. Mackensen, S., Giambronc. v 
Ponce, P., & Rcid, L. (1980) 7. Cell Biol. 87. 255-:- 
Rubin, K., Oldberg, A., H66k, M., & Obrink, B. (1978) t\ 

Cell Res. 117, 165-177, 
Schubert, D., LaCorbiere, M. (1980) Proc. Natl. Acad.S 

US. A. 77, 4137-4141. 
Schubert, D., & LaCorbiere, M. (1982) J. Cell Biol '. i- 
108-114, 

Schubert, D., LaCorbiere, M M Klier, F. G., & Birdwell. < 
(1983) J. Cell. Biol. 96, 99C-998. 
ta Terranova, V. P M Rohrbach, D. H., & Martin, G. R. (.19? 
Cell. (Cambridge, Mass.) 22, 719-726. 
.W$&P^ in Immunochemistr. 

tf^^^^^ Vol. II, pp 1 19-1 50. CP 

.^^^Pres^Boca Raton, Ft. ,; 1 ' 



1 8846 1 93 .• „/: : r v r : ^ 

Kleinman, If K.,;McGaryey; M , L , Hassell; J. Rf & Martin, 
. G R.- ( 1 9te3)- Biochemistry, Y%. 4969f4974. - \ 

JCurkinen, ., Taylor^ A.,^awiSv J: 1^ &':Hogarft;k >L: M * 

(198:4) JABiol. Chem. 259, 59.1*5-5922 f ! J 
l/cmmh, U[ K {YW^Nature (^London) 227, 680-682 
I^UeraJ'J., Ansbacher, RL V ; i f Culp^ ( 1980) Proc: Natl. 
: ^«w/; Sci^USMbT/, 6662-6666. ! '. ' 
Laurie; .G^%; , i:^bltod;*C>/(1983j J. Histochem. CV- 

facW JFjr, 159H63. 
Laurie, G. \M M Leblond, C P., & Martin, G. R. (1982) 7. CW/ 

Biol. .95, 340-344, 
Uurie, G. W., Hassell, J. R., Kleinman, H. K., & Martin, 

G. R. (19$4a) J Cell Biol. 99, 78a. 
Laurie, G. W., Leblond, C. P., Inoue, S., Martin, G. R., & 

Chung, A.j ( 1 984b) Am. J. Anat. 169, 463-48 1 . 
Leivo, I., Alitaio, K„ Risteii, L., Vaheri, A., TimpI, R., & 



\ Timpl^^Wiedemann^H'; Van Delderi, V^ ! Furthma>t I- 
■ '& Ruh'n, K. (1981 \ Euri% Biochem;j2til20}-1\\ 
Timpl, R Dziadek, M , Fujaware, S., Nowack, H, A.V* 

G. (1983) Eur J Btochem 137. 455^465-. 
Vcls, A.,;. & Schwartz, D. (i981) CoUageWi&lafJ-IUs ^ 

269-286. * 

Vracko, R. (1974) Am. J. Pathol: 77; 314^33^:- 
Wicha, M. S., Lawrie, G., Kohn, E^BaqrivdsV 't W" 

T. (1982) Proc. Natl. Acad. Sci. US. A. "7b, 32 1 3-3^:* 
Woodley, D. T., Rao, C. N„ Hassell, J. R., Liotta. L. V 

Martin, G. R., & Kleinman, H. K. (1983) * 

pAyj. 767. 278-283. 
Yurchenco, P., & Furthmayr, H. (1984) Biochemistry I 

1839-1850. 

Yurchenco, P. D„ Charonis,"^. S., Tsilibary, E. C * 
Furthmayr, H. (1984) J. Cell Biol. 99, 284a. 




CULTURE OF 

ANIMAL CELLS 

A Manual of 
Basic Technique 

R. Ian Freshnev 



| K 



mm 



- ' . 




I; 



Alan R. Liss, Inc., New York 



Maintenance of the Culture— Cell Lines 



Chapter ^ 



Thd first subculture represents an important transi- 
tion for the culture. The need to subculture implies 
that tr|e primary culture has increased to occupy all of 
the available substrate. Hence cell proliferation has 
beconlie an important feature. While the primary cul- 
ture njiay have variable growth fraction (see Chapter 
19) depending on the type of cells present in culture, 
r:l§|p|$^ the growth fraction 

^ M Dmitri: aV verS/ het« 



with "generation number." Cell lines with limited 
culture life-spans ("finite" cell lines) behave in a fairly 
reproducible fashion (see Chapter 2). They will grow 
through a limited number of cell generations, usually 
between 20 and 80 population doublings, before ex- 
tinction. The actual number depends on strain differ- 
ences and culture conditions but is consistent for one 




Once a primary cultu^^ 
saged," or "transferr^)^ 
"ceiljline." This term implies the presence of several 
cell lineages either of similar or distinct phenotypes. 
If one cell lineage is selected, by cloning (see Chapter 
13), by physical cell separation (see Chapter 14), or 
by any other selection technique, with certain specific 
properties which have been identified in the bulk of 
the cfells in the culture, this becomes known as "cell 
strain." 

NOMENCLATURE 

Th£ first subculture gives rise to a "secondary" 
culture, the secondary to a "tertiary" and so on, al- 
though in practice this nomenclature is seldom used 
beyoid tertiary. Since the importance of culture life- 
time was highlighted by Hayflick and others with dip- 
loid ibroblasts {Hayfiick and Moorhcad, 19611, where 
each subculture divided the culture in half ("split ra- 
tio"--! :2), passage number has often been confused 



gether with the . number of population doublings, this 
becomes, for example, NHB2/2 and will increase by 
one for a split ratio of 1:2 (NHB2/2, NHB2/3, etc.), 
by a two for a split ratio of 1:4 (NHB2/2, NHB2/4, 
etc.), and so on. For publication, each cell line should 
be prefixed with a code designating the laboratory in 
which it was derived, e.g., WI, Wistar Institute [Fed- 
eroff, 1975]. 

ROUTINE MAINTENANCE 

Once a culture is initiated, whether it be a primary 
culture or a subculture of a cell line, it will need a 
periodic medium change ("feeding") followed even- 
tually by subculture if the cells are proliferating. In 
nonproliferating cultures, the medium will still need to 
be changed periodically as the cells will still metabo- 
lize, and some constituents of the medium will become 
exhausted or will degrade spontaneously. Intervals be- 
tween medium changes and between subcultures vary 
from one cell line to another depending on the raie of 

119 
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Culture of Animal Cells 



gfowth and metabolism; rapidly growing cell lines 
stjch as HeLa are. usually subcultured once per week 
aiJid the medium changed 4 d later. More slowly grow- 
ing cell lines may only require to be subcultured every 
2j 3. or even 4 wk. and the medium changed weekly 
between subcultures. (For a more detailed discussion 
of the growth cycle, see below;) 

Replacement of Medium 

iFour factors indicate the need for the replacement 
o( culture medium (see also Chapter 9). 

A drop in pH. The rate of fall and absolute level 
should be considered. Most cells will stop growing as 
the pH falls from pH 7.0 to pH 6.5 and will start to 
lose viability between pH 6.5 and pH 6.0, so if the 
mfedium goes from red through orange to yellow, the 
mfcdium should be changed. Try to estimate the rate of 
fall: a culture which falls at 0. 1 pH units in I d will not 
cdme to harm if left a day or two longer before feeding. 



be fed 24-48 hr later and cannot be left over a week- 
end. 

Cell concentration. Cultures at a high cell concen- 
tration will use up the medium faster than at a low 
concentration. This is usually evident in the pH change 
but not always. 

Cell type. Normal cells (e.g., diploid fibroblasts) 
will usually stop dividing at high cell concentrations 
(density limitation of growth: see Chapter 16) due to 
growth factor depletion and other factors. The cells 
block ir\ the G 1 phase of the cell cycle and deteriorate 
very little even if left for 2-3 wk. Transformed cells, 
continuous cell lines, and some embryonic cells, how- 
ever, will deteriorate rapidly at high cell densities un- 
less the medium is changed daily or they are 
subcultured. 

Cell morphology. When checking a culture for rou- 
tine maintenance, be alert to signs of morphological 
deterioration: granularity around the nucleus, cyto- 
plasmic vacuolation. and rounding up of the cells with 
the substrate (Fig. 12.1). This may 




V.: / 




Fi|R. 12.1. Signs of deterioration of the culture. Cytoplasm of vacualaiion occurs. Cells may Income more refract He at the cd*c 
veils becomes granular, particularly around the nucleus, and if cell spreading is impaired. 
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imply that the culture requires a medium change, or 
may indicate a more serious problem, e.g., inadequate 
or itoxic medium or serum, microbiological contami- 
nation, or senescence of the cell line. During routine 
mafntenance, the medium change or subculture fre- 
quency should prevent such deterioration. 

Volume, Depth, and Surface Area 

The usual ratio of medium volume to surface area is 
0.^-0.5 ml cnr. The upper limit is set by gaseous 
dif iision through the liquid layer and the optimum will 
defend on the oxygen requirement of the cells. Cells 
with a high requirement will be better in shallow 
medium (2 mm) and those with a low requirement may 
do better in deep medium (5 mm). If the depth is 
greater than 5 mm. then gaseous diffusion may be- 
come limiting. With monolayer cultures this can be 
overcome by rolling the bottle or perfusing the culture 
with medium and arranging for gas exchange in an 
intermediate reservoir (see Chapter 21). When the 
s$<^ it should be 

* «\. stii r^wjth;;^ To prevent 

f^frojthin^ a mini- 

twvi* /\fr X^ViiV? «• RrirVinVMm^raftf»<<Hmth€ nf medium 



folding Medium" V \ : X^ : P- •* 

V- } holding mediuraJmayV be *us^d ;»fee.;sumul^io^r ; 
of mitosis, which usually " accompanies 1 '••m<^i|iirS , ; 
change, even at high cell ..- densities;, lisVuMesirkblel^ 
Holding media are usually regular media" y/iih ; : the/. 
sefum concentration reduced to I or 2%. This will npt J 
stitnuiate mitosis in most untransformed cells. Trans- 
formed cell lines are unsuitable for this procedure as 
th$y may either continue to divide successfully or the 
culture may deteriorate as transformed cells do not 
block in a regulated fashion in Gj. 

Holding medium is also used to maintain cell lines 
wih a finite life-span without using up the limited 
member of cell generations available to them (see 
Chapter 2). Reduction of serum and cessation of cell 
proliferation also promotes expression of the differen- 
tiated phenotype in some cells (Schousboe et al„ 1979; 
Maltese and Volpe, 1979]. 

cjianging the Medium or "Feeding" a Culture 



fresh medium. Return the culture to the incubator. 



Materials 



Pipettes 
medium 
(both sterile) 

Protocol 

I. 

Examine culture carefully for signs of 
contamination or deterioration (see Fig. 17. 1 and 
12.1) 
2. 

Check the criteria described above— pH. cell 
density, or concentration, and. based on your 
knowledge of the behavior of the culture, decide 
whether or not to replace the medium. If feeding is 
required, proceed as follows * 
3. * 
Take to sterile work area, remove and discard 
medium (see Chapter 5) 
4. 

Add same volume of ; fr«ti m 
36.5 °C; 
cell growth 5 

Return r rai&re^6^incubatbr V 

Note:' • "* * • ■>> V " r 

' r y^i^^Wpi!jk at a low density and growing 
< slowly; -it rriay^be preferable to "half-feed.*' In this 
^ c^i frlrhove only half the medium at step 3 and 
■■ repfi^jt:in step 4 wiih the same volume as was 
vrernbved. 




1 



Outline 

Examine the culture on an inverted microscope. 
Then, if indicated, remove the old medium and add 



Subculture 

When all the available substrate is occupied, or 
when the cell concentration exceeds the capacity of the 
medium, either the frequency of medium changing 
must increase or the culture must be divided. The 
usual practice in subculturing an adherent cell line 
involves removal of the medium and dissociation of 
the cells in the monolayer with trypsin, although some 
loosely adherent cells (e.g., HeLa or Chang liver) may 
be subcultured by shaking the bottle and collecting the 
cells in the medium, and diluting as appropriate in 
fresh medium in new bottles. Exceptionally, some cell 
monolayers cannot be dissociated in trypsin and re- 
quire the action of alternative proteases such as pro- 
nase, dispase, or collagcnase (Table 12.1) [Foley and 
Aftonomos, 19731. 



TABLE 12.J. Cell Dissociation for Transfer or Counting- 
Proccdures of Gradually increasing Severity 



, . • r •*> 

•i ." ' ■ to 



I. Shake-off 



Trypsin* in PBS (0.01-0.5% 
as required, usually 0.25%. 
5-15 min) 

Prewash with PBS or CMF. 
then 0.25% trypsin* in PBS 
or saline-citrate 



4. Prewash with I mAf EDTA in 
PBS or CMF then 0.25% 
trypsin* in citrate 

5. Prewash with 1 mM EDTA, 
then EDTA 2nd rinse, and 
leave on. 1 ml/5 cm 

6. EDTA prewash. then 0.25% 
trypsin- with I mAf EDTA 

'^^^^t^f^ then 
*£i/*K* r'-^Av/ P Lwyipin,* and collagen- 
' ^ ' ^ ase* ?(^^ts/mJ PBS or sa- 



• 'V'8 1 / x* Scramnv' ft'S. ;. 



^Scraping ;i v . . - 



Mitotic or other loosely ad- 
herent cells 

Most continuous cell lines 



Some strongly adherent con- 
tinuous cell lines and many 
cell lines at early passage 
stages 

Some strongly adherent early 
passage cell lines 



Epithelial cells, although 
some may be sensitive to 
EDTA 

Strongly adherent cells, par- 
ticulary epithelial and some 
tumor cells (note: EDTA can 
be toxic to some cells) 

Thick cultures, multilayers, 
particularly collagen-produc- 
ing dense cultures 

All cultures, but mayjcause^ 
mechanical damage arid usu - ■?■< 
ally will not give a.single cell 



suspension 



9. Add dispase iOiVLQ mg/ml) ^ v Will dislodge! most cells; bit* 
or pronase (0. l-I-O mg/ml) to -? requires cenmmgitionsiep * -V' 
medium and incubate tilt cells , to remove enzyme riofinacu- 
dctach \ v ya^byserum^Mayoe- ^ • 
-r— harmful to some cells 

•pigestivc enzymes are available (Difco. Wonhington, Boehringer 
Mannheim. Sigma) in varying degrees of purity. Crude preparations 
cjg.. Difco trypsin 1:250 or Wonhington CLS grade collagenase 
contain other proteases which may be helpful in dissociating some 
ceils but may be toxic to others. Stan with a crude preparation and 
progress to purer grades if necessary. Purer grades are often used at 
a ilower concentration (mg/ml) as their specific activities (enzyme 
uaus/g) are higher. Purified trypsin at 4* C has been recommended 
fdr cells grown in low serum concentrations or in the absence of 
sdrum IMcKeehan. 19771. 



'The attachment of cells to each other and to the 
ctjlture substrate is mediated by cell surface glycopro- 
teins and Ca : + and Mg 2 + ions. Other proteins, de- 
rived from the cells and from the serum, become 
associated with the cell surface and the surface of the 
sujbstrate and facilitate cell adhesion. 



Outline 

Remove medium, expose cells briefly to trypsin, 
incubate and disperse cells in medium. 

Materials 

Pipettes (sterile) 
medium (sterile) 
PBSA (sterile) 

0.25% trypsin in PBSA, saline citrate, 

or EDTA (sterile) (see Table 12. 1) 
culture flasks 

hemocytometer or cell counter 

Protocol 

1. 

Withdraw medium and discard 
2. 

Add PBSA prewash (5 ml/25 cm 2 ) to the side of 
the flask opposite the cells, so as to avoid dislodg- 
ing cells, rinse the cells v and discard rinse. This . 
step is design^ . 



; opposite i>ie; Is^Turn ^e^fl^sk^ovei^ to cov^th^ 
t mr^aye|^ LeavV l5-30,sec iiHd witK[;^W 

draw the tryp^ beforehand that the ? - V ':k 

monolayer has not detached. Using trypsin at4V&^ 
helps to prevent this \ . . ; ^ 

Incubate until cells round up; when the bottle is ^ 
tilted, the monolayer should slide down the surface 
(this usually occurs after 5-15 min). Do not leave 
longer than necessary, but do not force the cells to 
detach before they are ready to do so, or clumping 
may result 
Note. 

If difficulty is encountered in getting cells to de- 
tach, and, subsequently, in preparing a single cell 
suspension, alternative procedures, as described in 
Table 12.1, may be employed. In each case the 
main dissociating agent, be it trypsin or EDTA, is 
present only briefly and the incubation is per- 
formed in the residue after most of the dissociating 
agent has been removed. 
5. 

Add medium (0.1-0.2 ml/cm 2 ) and disperse cells 
by repeated pipetting over the surface bearing the 
monolayer. Finally, pipette the cell suspension up 
and down a few times, with the tip of the pipette 
resting on the bottom corner of bottle. The degree 
of pipetting required will vary frominie cell line to 
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another; some disperse easily, others require vig- 
orous pipetting. Almost all will incur mechanical 
damage from shearing forces if pipetted too vigor- 
ously; primary suspensions and early passage cul- 
tures are particularly prone to damage due partly 
to their greater fragility and partly to their larger 
siie. Pipette up and down sufficiently to disperse 
th! cells into a single cell suspension. If this is 
di Ticult. apply a more aggressive dissociating agent 
(s^e Table 12. 1) [Toshiharu et al.. 1975] 

A single cell suspension is desirable at subculture 
to ensure an accurate cell count and uniform growth 
or reseeding. It is essential where quantitative es- 
timates of cell proliferation or of plating efficiency 
ar i being made and where cells are to be isolated 
as clones 
6. 

Count cells by hemocytometer or electronic parti- 
cle counter (see Chapter 19) 
7. v . 

Dilute to the appropriate seeding concentration^) 
by adding the appropriate volume ^xWiWls^^faV 
pijemeasured volume of medium in a culture 'ft^k, 
oil (b) by diluting the?cells {to rthe>rtQti> ^liOTe. ; 
required and distributing that .amohg spye^fl^ks. 
Procedure "(a)<is useiful ; fqr routinei^l^ult^^when 
'ortfy a few flasks 'are' used and precise cell counts 
and reproducibility are not critical, but (b) is pref- 
effcble when setting up several experimental, repli- 
i;c*e'i^p|^^^e'' total number of manipulations 
is reduced -and the concentration of cells in each 
fl^sk will be identical 

Cap the flask(s) and return to the incubator. Check 
after about 1 hr for pH change. If the pH rises, 
return to aseptic area and gas culture lightly with 
5% C0 2 . Since each culture will behave predicta- 
bly in the same medium, you will know eventually 
which cells to gas when they are passaged, without 
having to incubate them first. 

Expansion of air inside plastic flasks causes the 
flisks to swell and prevents them from lying flat. 
Release the pressure by slackening the cap briefly, 
lis may be prevented by compressing the top and 
[ttom of large flasks before sealing them. Incu- 
bation then restores the correct shape. Care must 
taken not to crack the flasks 



Fori finite cell lines, it is convenient to reduce the 
cell concentration at subculture by two-, four-, eight-, 
or !6!>fold, making the calculation of the number of 
population doublings easier (2s I, 4s2. 8s3. 



I6s4). e.g.. a culture divided eightfold will require 
three doublings to achieve the same cell density. With 
continuous cell lines, where generation number is not 
usually recorded, the cell concentration is more con- 
veniently reduced to a round figure, e.g., 5 x 10 4 
cells/ml. In both cases, the cell count should be re- 
corded so that growth rate can be estimated at each 
subculture and consistency monitored (see below un- 
der Growth cycle). 

Propagation in Suspension 

The preceding instructions refer to subculture of 
monolayers, as most primary cultures or continuous 
lines grow in this way. Cells which grow continuously 
in suspension, either because they are nonadhesive 
(e.g., many mouse leukemias and ascites tumors) or 
because they have been kept in suspension mechani- 
cally, or selected (see also Chapter 21). may be sub- 
cultured like micro-organisms. Trypsin treatment is 
not required and the whole process is quicker and less 
'Atraumatic forv the>cells. Medium replacement is not 
;i^aily; carried put wi^ suspension cultures as this 
•would require cemri^gatipn of the cells. Routine 
^'jmaintenan^^ to on?; of two alter-. 

^ ? inative pr0c^l^es^i.|^^su^lture by dilution, or ih-^: 
crease: of the VpiuirneVwithout subculture, V. 



Outline \\" ; ; - , * 

Count cells, withdraw cell suspension,/ arid\add?; 
fresh medium to restore cell concentration toVstart-<< 
ing level. , " • J 

Materials 

Culture flasks (sterile) 
medium (sterile) 
pipettes (sterile) 
bar magnet (sterile) 
magnetic stirrer 
hemocytometer or cell counter 

Protocol 

I. 

Mix cell suspension and disperse any clumps by 

pipetting 

*». 

Remove sample and count 
3. 

Add medium to fresh flask 
Note. 

Any culture flask with a reasonably flat surface 



;vu. ^ 
■ !>"■/ . - \ ■ 
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may be used for cells which grow spontaneously in 
suspension. Where stirring is required, e.g., for 
larger cultures, or cells which would normally at- 
tach, use standard round reagent bottles, or aspi- 
rators, siliconized, if necessary (see Appendix), 
and insert a magnetic stirrer bar. Teflon coated, 
and with a ridge around the middle (Fig. 12.2) or 
suspended from the top of the bottle. Select the 
appropriate size of bottle to give between 5 and 8 
cm depth with the volume of medium that you 
require 
4. 

Add sufficient cells to give a final concentration of 
10 5 cells/ml for slow-growing cells (24-48-hr dou- 
bling time) or 2 x IffVml for rapidly growing cells 
(12-18-hr doubling time) 

5. 

Cap and return culture to incubator 
6. 

Culture flasks should be laid flat as for monolayer 
culture. Stirrer : mag^.-; 
netic stinw,^^iT(^^t|^ 10Q • 
that the stirrer motor dbes 5 not overheat the culture ; 
Insert 



Suspension cultures have a number of advantages 
(see Table 12.2). The production and harvesting of 
large quantities of cells may be achieved without in- 
creasing the surface area of the substrate (see Chapter 
21). Furthermore, if dilution of the culture is continu- 
ous and the cell concentration kept constant, a steady 
state can be achieved; this is not readily achieved in 
monolayer culture. Maintenance of monolayer cul- 
tures is essentially cyclic with the result that growth 
rate varies depending on the phase of the growth cycle. 

Monblayers are convenient for cytological and im- 
munological observations, cloning, mitotic "shake off 
(for cell synchronization of chromosome preparation) 
and in situ extractions without centrifugation. 



TABLE 12.2. Properties of Monolayer and Suspension Cultures 
Monolayer Suspension 



Maintenance 




Cyclic pattern of propa- 
gation (see text) 
Require dissociation 
Dependent on availabil- 
ity pi .substrate 



Can be maintained at 

"steady state" 
Simple dilution at pas- r ^ 



Results of dif- 
ferences in • 
Geometry'. 



lUter 




Sampling and 
analysis 



f ig. 12.2. Simple stirrer culture for cells #r<mi>ijf m suspension. 

n expanded polxstyrene mat (dark shaded area Mow bottle} 
should be interposed between the btfttle and the magnetic stirrer 
h j avoid heat transfer from the stirrer motor 



Which cells? 



Cell Interaction: 
metabolic coopera- 
tion, : 
contact inhibition of 
movement and 
membrane activity. ~ 
density limitation of 
growth r 
Diffusion boundary .ef- 
fects (see text) 
Cell shape and cytoskel- 
eton— spreading, mo- 
tility, overlapping, 
underiapping 

Good cytological prepa- 
rations, chromo- 
somes. 

immunofluorescence, 
histochemistry 

Enrichment of mitoses 
by "shake-off" (sec 
Chapter 22) 

Serial extractions in situ 
possible without cen- 
trifugation 

Most cell types except 
some hemopoietic 
cells and ascites tu- 
mors 



sage , r . m , $i \?i:X;f~£mf$fx 
Dependent on rnedium , 

volume only (with ad ™ u / J* 
: e^uate',gas*c^^ 

Homogeneous suspen- ; ^ .< . . ^ 

sion ; •• ' A Y'J ' 

Cell density limited by Vt . v . . i 

nutrient and hormonal* ; - 
^ cpneeniration of the ■ 
''>' medium only 
Shearing effects in 
stirred cultures may 
damage some cells 



Bulk production of cells 
Ease of harvesting (no 
trypsinization re- 
quired) 



Transformed cells and 
lymphoblastoma cell 
lines 



Maintenance of the Culture— Cell Lines 



125 



At subculture a fragile or slowly growing line should 
be pplit 1:2: and a vigorous, rapidly growing line. 1:8 
or |:16. Once a cell line becomes continuous (usually 
taken as beyond 150 or 200 generations) the generation 
nuipber is disregarded and the culture should simply 
be cut back to between 10 4 and 10 5 cells/ml. The split 
ratio or dilution is also chosen to establish a convenient 
sub culture interval (perhaps 1 or 2 wk), and to ensure 
thai the cells (I) are not diluted below that concentra- 
tion which permits them to reenter the growth cycle 
wit i a lag period of 24 hr or less, and (2) do not enter 
plaieau before the next subculture. 

GROWTH CYCLE 

Routine passage leads to the repetition of a standard 
groivth cycle. It is essential to become familiar with 
this cycle for each cell line that is handled as this 
controls the seeding concentration, the duration of 
growth before subculture, the duration of experiments, 
and the appropriate times for sampling to give greatest 
'« -Ji u^onsist^ of the growth 

• v &'cyc|e^hk^ 
:>-' tt ; v v ' :?eiiz^r1^ : a^ synthesis 

properties. V * ■ 



Outline t - . • [.^'. 

Set up a series of cultures at three different cell 
concentrations and count the cells at daily ihtervsdi;? , 
until they "plateau. " : 



Materials 



Cell culture 

24-welI plates (sterile) 

100 mi growth medium (sterile) 

0.25% crude trypsin (for monolayer 

cultures only) (sterile) 
plastic box to hold plates 
C0 2 incubator or C0 2 supply to gas 

box 

protocol 

ii. 

fTrypsinize cells as for regular subculture (see 
^bove) 

Dilute cell suspension to 10 5 cells/ml, 3 x 10 4 
bells/ml, and K^cells/ml. in 25 ml medium for 
bach concentration 



3. 

Seed three 24-well plates, one at each cell concen- 
tration, with I ml per well. Add cell suspension 
slowly from the center of the well so that it does 
not swirl around the well. Similarly, do not shake 
the plate to mix the cells, as the circular movement 
of medium will concentrate the cells in the middle 
of the well 
4. 

Place in a humid COn incubator or sealed box 

gassed with CO2 

5. 

After 24 hr, remove plates from incubator and 

count the cells in three wells of each plate: (a) 

Remove medium completely from wells to be 

counted: (b) add 1 ml trypsin to each well: (3) 

incubate with trypsin; (4) after 15 min, disperse 

cells in trypsin and transfer 0.4 ml to counting 

fluid and count on cell counter 

Note. , 

Hemocytometer counting may be 'us^bift^ 

difficult at lower cell;e6ru»ntratiora£R^ 

sin volume to 0.1;rrd a^disperse^ 

without frothing using afmicropipene^ 

to hemocytometer ^ ; ^ * <> t*** : >:f 

6.. . - - r , ,a>: >;;•.:,:. . . 

Return plate to incubator as soon as cell samples in 
trypsin are. removed. The plate must be but of the 
incubator for the minimum length of time, to avoid / . 
disruption of normal growth 

Repeat sampling at 48 and 72 hr as in steps 5 and 

6 

8. 

Change medium at 72 hr or sooner if indicated by 

pH drop (see above) 

9. 

Continue sampling at daily intervals for rapidly 
growing cells (doubling time 12-14 hr) but reduce 
frequency of sampling to every 2 days for slowly 
growing cells (doubling time >24 hr). until pla- 
teau is reached 
10. 

Keep changing medium every I, 2. or 3 days as 
indicated by pH 



Analysis. 1. Calculate cell number per well, per ml 
of culture medium (same figure), and per enr of avail- 
able growth surface in well. (Stain one or two wells 
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(see Chapter 15) at each density to determine whether 
distribution of cells in wells is uniform and whether 
they grow up the sides of the well) 

2. Plot cell density (per cm 2 ) and cell concentration 
(per ml), on a log scale, against time on a linear scale 
(Fig. 12.3) 

3. Determine the lag time, population doubling time, 
and plateau density (see below and Fig 12.3) 

4. Establish which is the appropriate starting density 
for routine passage. Repeat growth curve at intermedi- 
ate cell concentrations if necessary 

Variations. I. Different culture vessels may be 
used, e.g., 25 cm 2 flasks, although more cells and 
medium will be required 

2. Frequency of medium changing may be altered 

3. Different media or supplements may be tested 



Suspension cultures 

1. 

Add cell suspension in growth medium to wells at 
ra.range of concentrations as for monolayer 



per trypsin samples. 



Alternatively, seed two 75-cnr flasks with 20 mi 
for each cell concentration and sample 0.4 ml from 
each flask daily or as required. Mix well before 
sampling and keep flasks out of incubator for the 
minimum length of time. Do not feed cultures 
during growth curve 



The growth cycle fFig. I2.3) is conventionally di- 
vided into three phases. 

The Lag Phase 

This is the time following subculture and reseeding 
during which there is little evidence of an increase in 
cell number. It is a period of adaptation during which 
the cell replaces elements of the glycocalyx lost during 
trypsinization, attaches to the substrate, and spreads 
out. During spreading the cytoskeleton reappears and 
its reappearance is probably an integral part of the 
spreading process. Enzymes, such as DNA polymer- 
ase, increase, followed by the synthesis of new DNA 
and structural proteins.tSome specialized cell products- 
may disappear and not reappear untifctissisat^ 
proliferation at high cell density; ^ >*' ; i : '$&\*?M;:> 
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Fig. 12.3. Diagram of growth curse of a continuous cell line such 
os HcLti and a finite cell line. XFL inormol fend fun\* fibroblasts). 



Vie solid line represents ynmih of HeLu; the dashed line illus- 
trates the lower plateau obtained with ,WFL (tee text). 
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Fig. 12.4. Difference in plateaus (saturation densities) attained 
by cultures from normal brain (circles, solid line! and a glioma 
(squares, broken line). Cells were seeded onto I J -mm coverslips 
and 48 hr later the coverslips were transferred to 9<m petri 
dishes with 20 ml growth medium, to minimize exhaustion of the 
medium. 



The Log Phase 



This is the period of expbnentiaUihcra 
number following the:lag^Reri^ 
or two doublings after ^Confluence is reached: The 
lengih of the log phase dej&nds ori the- seeding density, 
the growth rate of the- cellVahd the density arwhich 
cell jproliferation is irihibited by density. In the log 
phasje the growth fractiorMs high (usually 90-100%) 
and |he culture is in its mbst ^ reproducible form. It is 
the optimal time for sampling since the population is 
at its most uniform arid viability is high. The cells are, 
however, randomly distributed in the cell cycle and, 
for iome purposes, may need to be synchronized (see 
Chapter 22). 

ThePlateau Phase 

Toward the end of the log phase, the culture be- 
comes confluent— i.e., all the available growth surface 
is oicupied and all the ceils are in contact with sur- 
rounding cells. Following confluence the growth rate 
of t^ie culture is reduced, and in some cases, cell 
proliferation ceases almost completely after one or two 
further population doublings. At this stage, the culture 
enters the plateau (or stationary) phase, and the growth 
fraction falls to between 0 and 10%. The cells may 
become less motile; some fibroblasts become oriented 
with respect to one another, forming a typical parallel 
arra^ of cells. "Ruffling' 4 of the plasma membrane is 
reduced, and the cell both occupies less surface area 
of substrate and presents less of its own surface to the 
medium. There may be a relative increase in the syn- 



thesis of specialized versus structural proteins and the 
constitution and charge of the cell surface may be 
changed. 

The phenomenon of cessation of motility, membrane 
ruffling, and growth was described originally by Aber- 
crombie and Heaysman [1964 J and designated "con- 
tact inhibition. " It has since been realized that the 
reduction of the growth of normal cells after conflu- 
ence is reached is not due solely to contact but may 
also involve reduced cell spreading [Stoker et ah, 
1968: Folkman and Moscona, 1978] and depletion of 
nutrients, and. particularly, growth factors (Stoker. 
1973: Dulbecco and Elkington, 1973; Westermark and 
Wasteson. 1975] in the medium {Hollcy et ah, 1978). 
The term "density limitation" of growth has, there- 
fore, been used to remove the implication that cell-cell 
contact is the major limiting factor [Stoker and Rubin. 
1967), and "contact inhibition" is best reserved for 
those events directly contingent on cell contact, i.e., 
reduced cell motility and membrane activity, resulting 
fin Ithe^fprmatibn of^a. strict monolayer and orientation 
: pf the. celh with respect to each other. 
KCulturd^ cells 
will 1 stop ^growing .after cpn^ as a 

monolayer, implying that they are dependent on an-r 
chorageto the substrate for continued grpwjlj, (This 
may be analogous to anchorage to basement membrane 
in vivo.) Most cultures, however, with regylair^replep- 
ishment of medium, will continue to proliferate, air 
though at a reduced rate, well beyond ponfluerice,. 
resulting in multilayers of cells. Human embryonic 
lung, or adult skin, fibroblasts, which express contact 
inhibition of movement, will continue to proliferate, 
laying down layers of collagen between the cell layers, 
until multilayers of six or more cells can be reached 
under optimal conditions [Kruse et ah, 1970]. They 
still retain an ordered parallel array, however. The 
terms "plateau*' and "stationary" are not strictly ac- 
curate, therefore, and should be used with caution. 

Cultures which have transformed spontaneously or 
have been transformed by virus or chemical carcino- 
gens will usually reach a higher cell density in the 
plateau phase than their normal counterparts [Wester- 
mark, 1974| (Fig. 12.4). This is accompanied by a 
higher growth fraction and loss of density limitation. 
These cultures are often anchorage independent for 
growth— i.e., they can easily be made to grow in 
suspension (see Density Limitation of Growth in 
Chapter 16; also see Chapter 2). 

The construction of a growth curve from cell counts 
performed at intervals after subculture enables the 
measurement of a number of parameters;* hich should 
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be found to be characteristic of the cell line under a 
given set of culture conditions. The first of these is the 
duration of the lag period or 'Mag time" obtained by 
Extrapolating a line drawn through the points on the 
ejxponential phase until it intersects the seeding or 
culum concentration (see Fig. 12.3), and reading 
tiff the elapsed time since seeding equivalent to that 
intercept. The second is the doubling time, i.e., the 
tjme taken for the culture to increase two-fold in the 
uddle of the exponential, or "log M , phase of growth, 
his should not be confused with the generation time 
df cell cycle time (see Chapter 19). which are deter- 
mined by measuring the transit of a population of cells 
through the cell cycle until they return to the same 
point in the cell cycle. 

jThe last of the commonly derived measurements 
fijom the growth cycle is the "plateau level" or "sat- 
uration density. " This is the cell concentration in the 
pjateau phase and is dependent on cell type and fre- 
quency of medium replenishment. It is difficult to 
mieasure accurately as a steady state :is nottachieved as' 
easily as in the log phase. 
p^sed^ ^ 
^acjhiev^ 

^a^malJ,-diar^etencoverslip;( 15 mm) inVa^^ge-diarteter- 
pttri disj* (90>mm)7with 2Q ml of medium replaced 
"dafiiy (sbe^Chapter 16). Under these conditions, me- 
• diiim lirnitatipn of grow^ is minimal, and cell density 
: e^erts.the, major effect. Counting the cells under these 
. conditions gives a more accurate and reproducible 
4 measurement. "Plateau" does not imply complete ces- 
sation of cell proliferation but represents a steady state 
where cell division is balanced by cell loss. 

The maximum cell concentration in suspension cul- 
tures, which are not limited by available substrate, is 
usiially limited by available nutrients. By fortifying the 
medium with a higher concentration of amino acids, 
PiU and others [Birch and Pin, 1971; Blaker et ah, 
19171] were able to obtain a maximum cell concentra- 
tion of 5 x 10 6 cells/ml for L"S" cells, far in excess 
of what can be achieved with attached cells. 

SLOW CELL GROWTH 

Even in the best-run laboratories, problems may 
arise in routine cell maintenance. Some may be attrib- 
uted to microbiological contamination (see Chapter 
, but often the cause lies in one or more alterations 
culture conditions. The following check list may 
help to track these down: 

. Any change in procedure or equipment? 
. Medium: 



a. 



b. 
c. 

d. 
e. 
f. 
g- 



J- 

k. 
1. 



v . • ..is 



IT 
in 



Medium adequate?— check against other me- 
dia (see Chapter 9). 
Frequency of changing adequate? 
pH: Check that it is within 7.0-7.4 during 
culture. 

Osmolality: check on osmometer. 
Component missed out: make up fresh batch. 
New batch of stock medium which is faulty? 
If BSS-based, is BSS satisfactory? (Check 
with other users.) 

h. If water-based, is water satisfactory (check 
with other users, or against fresh IX medium, 
bought in). 

i. Check still— deionizer— conductivity, contam- 
ination— glass boiler— residue. 
Storage vessel, for algal or fungal contamina- 
tion: chemical traces in plastic. 
HCOj-. 
Antibiotics. 

. Serum: 

a: New batch? Check supplier's quality control. 
: b: Check concentration. Too low or tod high?. • 
^Reconfirm lack of toxicity, growth jprdniotioH 
^;Nahd : plating efficiency. 
v r,v 4: Glassware or plastics: 

; > 3? if new, choctkgainst previous sto^ic^^ (W^^vi^VC^ 
: b. Wash-ur>^other cells showing^ syni^oms? ^ : ^ 

Other users having trouble? - ^ 

c; Trace contamination of .glass?; : Check^growtH ? H - r ■ 
on: plastic. • .." ''^^"^'r'' 1 "' iS 

5. Cells: If other people's cells are all right. 

a. Contamination (see also Chapter 17). 

i) Bacterial i ftingal^grow up without anti- 
biotics. 

ii) Mycoplasma: 

(A) Stain Culture with Hoechst 33258 
(Chapter 17). 

(B) Check for cytoplasmic DNA (incor- 
poration of radioactive thymidine) by 
autoradiography. 

(C) Get commercial test done (e.g.. Flow 
Laboratories or Microbiological As- 
sociates). 

iii) Viral— difficult to detect— try E M or flu- 
orescent antibody. 

b. Seeding density too low at transfer. 

c. Transferred too frequently. 

d. Allowed to remain for too long in plateau 
before transfer. 

6. Hot room and incubators: check temperature and 
stability. 



Cloning and Selection of Specific Cell Types 



Chapter ^| ^ 



It can be seen from the preceding two chapters that 
a major recurrent problem in tissue culture is the 
preservation of a specific cell type and its specialized 
properties. While environmental conditions undoubt- 
edly play a significant role in maintaining the differ- 
entiated properties of a culture , the selective 
ovqrgrowth of unspecialized cells is still a major prob- 
lem. 



The tradition^ ' approach a tq 5 Hfie 




1 animal cell tuW 

cieticies of most primary cultured /' 1 a ; ; - J 
' A further problem of cultures derived from normal 
'•tissue is that they may only survive -for a limited 
v nuiiiber of generations (see Chapter '2). and by the' 
* time a clone has produced a usable number of cells, it 
may already be near to senescence (Fig. 13.1). Even 
cultures which do not die out may have undergone 
alteration by the time the cloned cell line is estab- 
lished. Cloning is most successful in isolating variants 
frotn continuous cell lines, but even then considerable 
heterogeneity may arise within the clone as it is grown 
up for use (See Chapter 18). 

cjoon and Cahn [1966] were able to clone cartilage- 
and pigment-producing cell strains. Under the correct 
conjditions, these cultures were able to retain their 
specialized functions over many generations. Simi- 
larly, Clark and Pateman [19781 isolated a Kupffer cell 
line) from Chinese hamster liver by cloning the primary 
culture. 

Cloning has also been used to isolate specific bio- 
chemical mutants and cell strains with marker chro- 
mosomes and may help to reduce the heterogeneity of 
a culture. 




Log„N = 0 x log*2 
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. * 10 15 20 25 30 35 
» Y" * ; : ■ • . Number of Doublings (D) 

Fig. 13.1. Relationship of cell yield in a clone to the number of 
population doublings— e.g. . 20 doublings are required to produce 
/0* cells. 

Dilution Cloning [Puck and Marcus, 1955) 
Outline 

Seed cells at low density, incubate until colonies 
form, isolate and propagate into cell strain (Fig. 
13.2). 



Materials 



pipettes 
medium 
trypsin 
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Trypsmize 
exponentially 



culture 




Single cell 



O 



a 



Dilute to 10-100 cells/ml 



1 



Seed In: 

Multi-wen dishes, petri dishes, or plastic bottles 



1 ^^M^B^M^l IT 



J E 



□ 



weeks 







>^-)y y^.M y 



isolate 

by standard 

trypsiniation 



Ci: V' .)' • * ?*y\ ] t .' 
Isolate by Fix, 
ctoning ■ -s V^'stsm^> v 
rings' ; '/iVand' . ' 

' count 




Isolate 
by 

Irradiation 

a.4 






Figj 13.2. Cloning cells in monolayer culture. When clones form. Mating the flask while shielding one colonv (bottom ri^ht-hand 
they may be (1) isolated (a) directly, from multi-well dishes, (b) side of figure), or Q) fixed, stained, and counted (center right of 
by i he cloning ring technique (center left of figure), (c) by irra* figure) for analysis. 



culture flasks or dishes 
tubes for dilution 
hemocytometer or cell counter 



Protocol 



Trypsinize cells (see Chapter 12) to produce a 
single cell suspension. Undertrypsinizing will 
produce clumps; overtrypsinizing will reduce 
viability 
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iWhile cells are trypsinizing. number flasks or 
dishes and measure out medium for dilution steps 
(four dilution steps may be necessary to reduce a 
regular monolayer to a concentration suitable for 
cloning) 
3. 

When cells round up and start to detach, disperse 
the monolayer in medium containing serum or 
trypsin inhibitor, count and dilute to desired seeding 
concentration. If cloning the cells for the first time, 
ichoose a range of 10, 50, 100 and 200 ceils/ml 
{Table 13.1) 
4. 

Seed petri dishes or flasks with the requisite amount 
of medium (see Chapter 12), place petri dishes in 
ja humid CO* incubator or gassed sealed container 
(2-10% COj. see Chapter 9), or gas flasks with 
€02. seal with cap, and place in dry incubator 
5. " 

iLeave untouched for 1 wk. If colonies have formed, 
(isolate "(see below); if not. replace medium and 
icontinue v.tO: culture for a further week, or. feed, 
jagain an^Jgiilture for a further week, or feed 'again., 
jand ^culture Tor 3 wk if necessary', if no colonies 
lhave appeared by 3 wk^if is unlikely that they Will 
do so -'J-<t • ' v*: 



Stimulation of Plating tfficifhey *j£ 

When cells are plated at Jow densities, the survival 
falte in all but a few cell lines. This does hot usually 
present a severe problem with continuous cell lines 
where the plating efficiency seldom drops below 10%, 
but: with primary cultures and finite cell lines, the 
plating efficiency may be quite low— 0.5%-5% or 
even zero. Numerous attempts have been made to 
improve plating efficiencies, based on the assumption 



TABLE 13.1. Relationship of Seeding Density to Plating 
Efficien cy „ 



Etpcctcd plating 
ct'fictcncv 



Optimal cell number w he .seeded 
Per ml Per cm- 



0.1* 

tda 

% 



lot 



10* 
10' 
100 
20 
10 



x .10' 

:oo 

20 
4 



either that cells require a greater range of nutrients at 
low densities or that cell-derived diffusible signals or 
conditioning factors are present in high-density cul- 
tures and absent or too dilute at low densities. The 
intracellular metabolic pool of a leaky cell in a dense 
population will soon reach equilibrium with the sur- 
rounding medium, while that of an isolated cell never 
will. This was the basis of the capillary technique of 
Sandford et al. [ 1948 |, when the L929 clone of L-cells 
was first produced. The confines of the capillary tube 
allowed the cell to create a locally enriched environ- 
ment mimicking the higher cell density state. In mi- 
crodrop techniques developed later, the cells were 
seeded as a microdrop under liquid paraffin. Keeping 
one colony separate from another, as in the capillary 
techniques, colonies could be isolated subsequently. 
As media improved, however, plating efficiencies in- 
creased, and Puck and Marcus 11955] were able to 
show that cloning cells by simple dilution (as described 
above) in association with a feeder layer of irradiated 
mouse embryo fibroblu^ 
cloning efficiencies, although/ ^ 
quired, trypsinization frorri v vyithiiT \jx ^ colbr plac^x^yer^ . 
each colohy.-^;^;^ ./ 

Some modifications WWchv; m?y impro^ ^jp^..^, 
. growth ard listed below. r ' : ' :i 'h^-^^^-h^ ... 

Medium. Choose a rich medium such as Ham's 
F12 or one which has been optimized for the cel^type 
in use, e.g., MCDB 105 (Ham and McKeehan, 1978] 
for human fibroblasts. Ham's F 12 or MCDB 301 for ; ; 
CHO [Ham 1963; Hamilton and Ham, 1977]. 

Serum. Where serum is required, fetal bovine is 
generally better than calf or horse. Select a batch for 
cloning experiments which gives a high plating effi- 
ciency during tests. 

Conditioning. (I) Grow homologous cells, embryo 
fibroblasts, or another cell line to 50% of confluence, 
change to fresh medium, incubate for a further 48 hr, 
and collect the medium. (2) Filter through a 0.2-^m 
sterilizing filter (the medium may need to be clarified 
first by centrifugation 10.000 g, 20 min. or filtration 
through 5-jiin and 1.2-jim fillers (see Chapter 10. sec- 
tion on sterilization of scrum). (3) Add to cloning 
medium I pan conditioned medium to 2 pans cloning 
medium. 

Feeder layers (Fig. 13.3, regular feeder layer). (I) 
Trypsinize embryo fibroblasts from primary culture 
(see Chapter 1 1) and resecd at 10 5 cells/ml. (2) Ai 50% 
confluence, add mitomycin-C, 2 ti£f\(P cells, 0.25 /xg/ 
ml. overnight [MacPherson and Brydcn. 19711, or ir- 
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Cloning and Selection of Specific Cell Types 133 



radiate culture with 3,000 rad. (3) Change the medium 
aftpr treatment, and after a further 24 hr. trypsinize the 
cells and reseed in fresh medium at 5 x 10* cells/ml 
(10* cells/cm : ). (4)Incubate for a further 24-48 hr and 
thejn seed cells for cloning. The feeder cells will remain 
viable for up to 3 wk but will eventually die out and 
arq not carried over if the colonies are isolated. 

bther cell lines or homologous cells may be used to 
improve the plating efficiency but heterologous cells 
haye the advantage that if clones are to be isolated 
later chromosome analysis will rule out accidental 
contamination from the feeder layer. 

Hormones, Insulin. I— 10 IU//ml has been found to 
increase the plating efficiency of several cell types 
[Hamilton and Ham, 1977]. Dexamethasone, 2.5 x 
10t 5 M, ~ 10 /ig'tnl (a soluble synthetic hydrocorti- 
sone analogue) improves the plating efficiency of hu- 
mafi normal glia, glioma, fibroblasts, and melanoma, 
and chick myoblasts, and will give increased clonal 
grojwth (colony size) if removed 5 d after plating 
[Freshney et al., 1980a, b], s, , M • . 

intermediary meteboM e g;; pyrii- , 

vatje or a-ketbglu^ 

J^dKei|han and McKeehan, 1979] and ^nucleosides [a- 
mejdium, Stannere, et alvf 19f71], hav^ been 'used to 
su^lemenr m included in the/for^ 

muiiation of a rich:mediijm like Hani's F12. Pyruvate ; 
is also added to Dulbecco's, modification of Eagle's 
M$M [Dulbecco and Freeman^ 1959; Morton, 1970). \ 
'Carbon dioxide. COh is essential to obtain maxi- 
mum cloning efficiency for most cells. While 5% is 
mcjst usual, 2% is sufficient for many cells, and may 
evgn be slightly better for human glia and fibroblasts. 
HEjPES (20 mM) may be used with 2% CO*, protect- 
ing! * e ce,ls a 8 ainsl P H fluctuations during feeding and 
in the event of failure of the CO2 supply. (Using 2% 
CQ 2 also cuts down in the consumption of CO2.) At 
the; other extreme, Dulbecco's modification of Eagle's 
M$M is normally equilibrated with 10% CCK and is 
frequently used for cloning myeloma hybrids for mon- 
ocljonal antibody production. The concentration of bi- 
caijbonate must be adjusted if the CO? tension is altered 
so that equilibrium is reached at pH 7.4 (see Table 
8.2). 

Treatment of substrate. Polylysine improves the 
plating efficiency of human fibroblasts in low serum 
concentrations [McKeehan and Ham, 1976] (see Chap- 
ter 8). ( 1) Add I mg/ml poly-D-lysine in water to plates 
5 ml/25 cm 2 ). (2) Remove and wash plates with 5 
PBS A per 25 cm 2 . The plates may be used immc- 
diaely or stored for several weeks before used. 



(- 
ml 



Fibronectin also improves the plating of many cells 
[Barnes and Sato, 1980). The plates should be pre- 
treated with 5 /xg/ml fibronectin incorporated in the 
medium. 

Trypsin. Pure, twice recrystallized. trypsin used at 
0.05 /ig/ml may be preferable to crude trypsin, but 
there are conflicting reports on this. McKeehan [ 1977J 
noted a marked improvement in plating efficiency when 
trypsinization (pure trypsin) was carried out at 4° C. 

Muitiwell Dishes 

If clones are to be isolated, cloning by dilution 
directly into microwelis (microtitration dishes or 24- 
well plates, see Fig. 8.4) makes subsequent harvesting 
easier. The plates must be checked regularly after 
seeding, however, to confirm that either only one cell 
is present per well at the start or, if there is more than 
one cell per well, they are not clumped and that only 
one cell gives rise to a colony, i.e., that the colonies 
which form are truly clonal in origin, and only one 
colony forms in the well. 

^Mid Media 

--\-:^Me;>celts, particularly virally transformed fibnor ; 
blasts, will clone readily in suspension/ ^ 
: cpldiriy together and prevent mixings th^ell^e^u^g 
pended| in agar or methocel and plate^^^{pvjet ry M^ : 
agiaf Underlay or into riontissue culture grade dishes^ M 
Cloning in agar. See Figure 13.4 and see also Nfetcalf 
[ 1970] £' Pike and Robinson [1970], an^MacPhefson ' 
[1973]/ 



Outline 

Agar is liquid at high temperatures but is a gel at 
36.5° C. Cells are suspended in warm agar, and, 
when incubated after the agar gels, will form dis- 
crete colonies which may be isolated easily. 

Materials 

2% agar 

medium, e.g.. Ham's F12. RPMI 1640. 

or CMRL 1066 
fetal bovine serum 
pipettes 

35-mm petri dishes 
50-mm x 8-mm test tubes 
boiling water bath 
water bath at 45° C 
ice tray 

Note, preparing medium and cells, work out cell 
dilutions and label pctri dishes or muitiwell plates. 
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Tfrpsinize and/or 
dfute cells 




Examine. 
Count and 
Isolate if. 
required 



Fig. 13.4. Cloning cells hi suspensitm in agar. 



Convenient cell numbers per 35-mm dish are 
l,000 f 333, 111. 37. 

Protocol 

1. 

Dissolve agar by placing bottle in a boiling water 
bath or autoclave. Cool to 80° C and transfer to 
45° C water bath. (If you are delayed, keep agar 
at 60° C) 

2. 

Make up medium A: 70 ml medium and 30 ml 
FBS.keep at45°C 

3. 

Make up medium B: 60 ml medium A and 12 ml 



2% agar, keep at 45° C 
4. 

Count the cell suspension and dilute to give 2.000/ 
ml. 667/ml (1:3), 222/ml (1:3), 74/ml (1:3). Place 
on ice 
5. 

Place 5-ml test tubes in rack and keep at 45° C 
6. 

Add 2.S ml medium B to test tubes 

7. - 

Add 0.5-ml cell suspension to one tube. mix. and 

pour into dish immediately 

8. 

After all dishes have been poured, place them at 



I 
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4° C for 10 min 

9. 

Before incubating the dishes in a humid CO2 incu- 
bator, it is advisable to put them into another con- 
tainer to try to avoid contamination of the cultures 
from the moist atmosphere of the incubator, (a) 



Place petri dishes or multiwell plates in a plastic 
box with a lid and containing a dish of water. (The 
box should be washed first with 70% alcohol and 
allowed to dry.) (b) When using 35-mm petri 
dishes, two can be put into a 10-cm petri dish 
(nontissue culture grade) with a third 35-mm petri 



2X MEDIUM 
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\ V 



1.5** METMOCEL 
IN IX MEDIUM / 



/ 



45'C 



1* AGAR IN IX MEDIUM 
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AGAR UNDERLAY (4«C) 
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Examine, count 
and/or isolate 



a 




STARTING CULTURE 




Dilute 1 ♦ 1 m Methocel 




INCUBATE 



in humid CO, incubator 



©©O 



Fig. 13.5. Clowns cells in suspension in Xtetluteel over mi ttwtr untlerhtv. 
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dish containing 3 ml sterile water 

Note. Rinse all pipettes used for agar with hot 

water before discarding. 



! Cloning in methocel over agar base (Buick et al., 
1 1979]. 

Outline 

Suspend cells in medium containing Methocel and 
seed into dishes containing gelled agar medium 
(Fig. 13.5). 



Materials 



As for agar cloning; 1.36% Methocel 
(4,000 counts/sec) in deonized distilled 
water. 

Protocol 

I. 

Prepare agar underlay by heating sterile 1.0-2.0% 
agar to 100° C, bring to 45° C, and dilute with an 
equal volume of double-strength medium at 45° C 
(prepare from x 10 concentrate to half the recom- 
mended final volume and add twice the. normal 
corlcentration of serum). Plate out 1 ml immedi- 
ately into 35-mm dishes or 6 x 35 mm multiwell- 
plates,, and allow tb gel at 4° C for- 10 min : J \ | 1 

Trypsinize or collect cells from suspension and 
dilute to double the required final concentration 

3.. . - : r ; 

Dilute the ceils with an equal volume of methocel 
and plate out 1 ml over the agar underlay (10- 
1.000 cells per dish for continuous ceil strains but 
up to 5 x 10 5 per dish may be needed for primary 
cultures) 
4. 

Incubate until colonies form. Since the colonies 
form at the interface between the agar and the 
Methocel, fresh medium may be added, 1 ml per 
dish or well, after 1 wk and removed and replaced 
with more fresh medium after 2 wk without dis- 
turbing the colonies 



Many of the recommendations applying to medium 
supplementation for monolayer cloning also apply to 
suspension cloning. In addition, sulphydryl com- 
pounds such as mercaptoethanol (5 x 10~ 5 M), glu- 
athione (1 mM), or a-thioglycerol (7.5 x 10 " 5 M) 
Iscove et al.. 1980] are sometimes used. Macpherson 



[1973] found the inclusion of DEAE dextran was ben- 
eficial for cloning. 

Most cell types clone in suspension with a lower 
efficiency than in monolayer, some cells by two or 
three orders of magnitude. Isolation of colonies is. 
however, much easier. 

Isolation of Clones 

Monolayer clones— multiwell plates. If cells are 
cloned directly into multiwell plates (see above), colo- 
nies may be isolated by trypsinizing individual wells. 
It is necessary to confirm the clonal origin of the colony 
during its formation by regular microscopic observa- 
tion. 

Cloning rings. If cloning is performed in petri dishes, 
there is no physical separation between colonies. This 
must be created by removing the medium and placing 
a ring around the colony to be isolated (Fig. 13.6). 



Outline 

The colony is trypsinized from within a porcelain; 
Teflon, or stainless steel ring and transfeiTed to'one 
of the wells of a 24- or 12-well plate, or directly to 
a 2*^^ flask (see step 3 above) (Fig.] i^Sl^i^. 
l.~\'/ U I '[ ' ' : ' /' \\ aleiy iVr:o ■■' 
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Fig. 13.6. Cloning rings. Porcelain rings (Fisher) are illustrated, 
but thick-walled stainless steel rings (e.g., roller hearings) or 
plastic (e.g.. cut from nylon or Teflon thick-walled tubing) can be 
used. Wlmttver the material, the base must be smooth, to seal 
with silicone greitsc onto the base of the petri dish, and the 
internal diameter just wide enough to enclose one whole clone, 
without overlapping adjacent clones. 
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Fig. 13.7. isolation of clones with cloning rings. 



Materials 



cloning rings 
silicone grease 

Pasteur pipettes with bent end 

0.25% trypsin 

medium 

24-well plate and/or 25 cm 2 flasks 
sterile forceps 



Protocol 

1. 

Sterilize cloning rings and silicone grease sepa- 
rately in glass petri dishes, by dry heat 
2. 

Prepare about 20 bent Pasteur pipettes by heating 
briefly in a bunscn flame and allowing about 12 
mm of the tip to drop under gravity. If the pipette 



is held at 30° above horizontal, the bend will be 
120°. Place pipettes in sterile test tubes and allow 
to cool before use 

3. 

Examine clones and mark those that you wish to 
isolate with a felt tip marker on the underside of 
the dish 
4. 

Remove medium from dish 
5. 

Using sterile forceps, take one cloning ring, dip in 
silicone grease, and press down on dish alongside 
silicone grease to spread the grease round the base 
of the ring 
6. 

Place ring around desired colony 

7. 

Repeat steps 5 and 6 for two or three other colonies 

in same dish 

8. 

Add sufficient 0.25% trypsin to fill the hole in ring 
( -0.4 ml), leave 20 sec, and remove 

Close dish and incubate for 15 mih ^: V^; 

io. . : 

• M >i< j. v.. : **■ >.< r t< •. ., ■ 

Add 0.4 ml mediuni to each fingC I * 

Taking each clone in turn, pipette medium up and 
down to disper^ cells, and transfer to a well, of a 
24-well plate, or to a 25-cm : flask standing on end. 
Use a separate pipette for each clone 

12. \ / ' 

Wash out 'ring with a second 0.4 ml medium, and 

transfer to same weill 

1.3. 

Close plate and incubate, or if using flasks, add 1 

ml medium and incubate standing on end 

14. 

When clone grows to fill well, transfer up to 25- 
cnr flask, incubated conventionally with 5 ml me- 



dium. If using up-ended flask technique, remove 
medium when end of flask confluent, trypsinize 
cells, resuspend in 5 ml medium, and lay flask 
down flat. Continue incubation 



The cloning ring technique may be applied when 
cells are cloned in a plastic flask by swabbing the flask 
with alcohol and slicing the top off with a heated sterile 
scalpel or hot wire. Thereafter proceed as for petri 
dishe^. 

Irradiation. Alternatively, where an irradiation 
source is available, clones may be isolated by shielding 
one and irradiating the rest of the monolayer. 



Outline 

Invert the flask under an x-ray machine or *°Co 
source, screening the desired colony with lead. 

Materials 

*!f * , x-ray or cobalt source 
"""v piece of lead 2 mm thick 

" j : ; ;^PBSA^;\ . 

* / v 0!25% ^tiypsin , : 

/ medium / -\ 

Protocol 

Select desired colony ■ : . . 

2. . =-/■••. 
Invert flask under x-ray or cobalt source 

3. . : 
Cover colony with a piece of lead 2 mm thick ^ 
4. 

Irradiate with 3,000 rad 

5. 

Return to sterile area and remove medium, trypsin- 
ize, and allow cells to reestablish in the same 
bottle, using the irradiated cells as a feeder layer 



llg. 13.8. Selective cloning of breast epithelium on a confluent 
j reder layer, a. Colonies forming on plastic alone after sealing 
4 .000 cells from a breast carcinoma culture/cm" (2 x 10* cells/ 
nl). Small dense colonies are epithelial cells, larger stellate 
i olonies are fibroblasts, b. Colonies of cells from the same fut- 
ure, seeded at 400 cells/cm 2 (2.000 cells/ml) on a confluent 
f'eder layer of FHS 74 Int cells (Owens et at. . 1974 J. Vie epithe- 
l al colonies are much larger than in a. the plating efficiency is 
h igher. and there are no fibroblastic colonies, c. Colonies from a 
d ifferent breast carcinoma culture plated onto the same feeder 
I tyer. Note different colony morphology with lighter stained cen- 



ter and ring at point of interaction with feeder layer, d. Colonies 
from normal breast culture seeded onto FHl cells {fetal human 
intestine Similar to FHS 74 Int). Tftere are a few small fibroblastic 
colonies present in c and d (after a technique described by Dr. 
A.J. Hackett. personal communication). 

Fiu. 13.9. Selective growth of glioma on confluent feeder lover. 
Cells were seeded at 2 x HP out (4 x H>'tan : l onto confluent. 
mitomycin-C treated feeder lovers (see text) of FHS 74 ha evils 
I Owens et aL. 1974/ and labeled at intervals thereafter with 
thymidine (see text), extracted, and counted. 




Figure 13.9. Legend on facing page. 
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If irradiation and trypsinization is carried out when 
the colony is about 100 cells in size, then the trypsin- 
ized cells will redone. Three serial clonings may be 
performed within 6 wk by this method. 
! Other isolation techniques include: (1) distributing 
$mall coverslips. or broken fragments of coverslips on 
the bottom of a petri dish. When plated out at the 
<|orrect density, some colonies are found singly distrib- 
uted on a piece of glass and may be transferred to a 
fresh dish or muitiwell plate. (2) Capillary technique 
cf Sanford et al. (1948). A dilute cell suspension is % • 
crawn into a glass capillary tube (e.g., 50 y\ Drum- # ^ M 
nond Microcap) allowing colonies to form inside the a •fP 0^ 
tube. The tube is then carefully broken on either side 
cf a colony and transferred to a fresh plate. (3) Petri- _ 
perm dish. This is a petri dish with a thin gas-perme- " % 
able base (see Chapter 8), which may be cut with 
scissors or a scalpel to isolate colonies. Since this 
means keeping the outside of the dish sterile, it needs 
to be handled aseptically and kept inside a larger sterile 
petri dishv : ^ :L .y^Vt.i . ... 



• 



ft- 



3-...- 



Suspension Clones 



Outline ^ " * - ' - l ^ ? 

;: Draw colony into micropipets and transfer to aV 
flask or the well of a muitiwell plate. 

Materials 



•;i '^T-'ils.* '•••V - 



24- well plates 
medium 

microcapillary pipettes 
dissecting microscope 

25- cnr culture flask 

Protocol 

Picking colonies is best done on a dissecting 
microscope. 

I. 

Pipette 1 ml of medium into each well of a 24-well 
plate 

2. 

Using a separate 50-jd microcapillary pipette for 
each clone, place the tip of the pipette against the 
colony to be isolated and gently draw in the colony 

3. 

Transfer to a 24-well dish and flush out colony 
with medium. If from Methocel, the colony will 
settle, adhere, and grow out. If from agar, you 



m 



■3% 



Fig. 13.10. Growth of melanoma, fibroblasts, and glia in suspen- 
sion. Cells were plated out at 5 x Z0 5 per 35-mrn dish {2.5 x /O 5 
cells/ml) in 1.5% methocel over a 1,25% agar underlay. Colonies 
were photographed after 3 wk. a. Melanoma, b. Human normal 
embryonic skin fibroblasts, c. Human normal adult glia. J. Col- 
ony-forming efficiency of normal and malignant glial cells in 
suspension. Unshaded bars, colonies of over eight cells (approxi- 
mately), and stippled bars, colonies of over 32 cells {approxi- 
mately). Colony counts were done on an Anek Colony Counter at 
different threshold settings. 
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GAS 



may need to pipette the colony up and down a few 
times in the well to remove the agar 

4. ■ 

Clones may also be seeded directly into a 25-cm 2 
plastic flask standing on end (see above) 

SELECTIVE MEDIA 

Manipulating the culture conditions by using a selec- 
tive jmedium is a standard method for selecting micro- 
organisms. Its application to animal cells in culture is 
limited, however, by the basic metabolic similarities 
of njost cells isolated from one animal in terms of their 
nutritional requirements. The problem is accentuated 
by the effect of serum, which tends to mask the selec- 
tive! properties of different media. Peehl and Ham 
(19$0J were able to demonstrate that by using two 
different media, MCDB I0S and MCDB 151, with 
min mal amounts of dialyzed serum, either fibroblasts 
or epithelial cells could be grown preferentially from 
hurr an foreskin. 

G lbert and Migeon (1975, 1977] replaced the L- 
valine in the culture medium with D-valine and dem- 



onstrated that ceils possessing D-amino acid oxidase 
would grow preferentially. Kidney tubular epithelium 
and epithelial cells from fetal lung and umbilical cord 
may be selected this way. 

Much of the effort in developing selective conditions 
has been aimed at suppressing fibroblastic over- 
growth. Whei-Yang Kao (1977] used cis-OH-proline 
for this purpose, although this substance can prove 
toxic to other cells. Fry and Bridges (1979] found 
phenobarbitone inhibited fibroblastic overgrowth in 
cultures of hepatocytes and Braaten et al. [1974] were 
able to reduce the fibroblastic contamination of neo- 
natal pancreas by treating the culture with sodium 
ethylmercurithiosal icy late. One of the more successful 
approaches was the development of a monoclonal an- 
tibody to the stromal cells of a human breast carcinoma 
[Edwards et al., 19J&J. Used with complement, this 
antibody proved cytotoxic to fibroblasts from several 
tumors and helped to purify a number of malignant 
cell lines. 

Selective media are also commonly used to isolate 
hybrid clones from somatic hybridization experiments. 
HAT medium, a combination of hypoxamhine. ami- 
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hopterin, and thymidine, selects hybrids with both 
hypoxanthine guanine phophoribosyltransferase and 
ihymidine kinase from parental cells deficient in one 
pr the other enzyme (see Chapter 21) (Littlefield, 
1964]. 

INTERACTION WITH SUBSTRATE 

i 

Selective Adhesion 

I Different cell types have different affinities for the 
tulture substrate and will attach at different rates. If a 
primary ceil suspension is seeded into one flask and 
transferred to a second after 30 min, a third after 1 hr, 
^nd so on, the most adhesive cells will be found in the 
first flask and the least adhesive in the last. Macro- 
phages will tend to remain in the first flask, fibroblasts 
in the next few flasks, then epithelial, and finally 
hemopoietic cells in the last flask. Polinger [1970) 
used a similar procedure for the separation of embry- 
onic heart muscle cells from fibroblasts. : 

If collagenase in complete, medium is used for pri| 
mary disaggregation of the tissue . J Chapter llfr 
most of the cells released will not attach vyithfe48 hr 
unless the collagenase is removed; vHqweyerv>macrori - 
phages migrate, out of the 'iragmen^ ;6f tissue and 
attach during this period and | can be removed fromV 
Other cells by transferring, the disaggregate to a fresh 
fiasic' after 48-72 hr-treatmem with ^ll^etiase. This 
technique works well during dirag^ 
specimens from human tumors. 

Selective Detachment 

Treatment of a heterogeneous monolayer with tryp- 
sin or collagenase will remove some cells more rapidly 
Jhan others. Periodic brief exposure to trypsin re- 
moved fibroblasts from cultures of fetal human intes- 
tine [Owens et ah, 1974] and skin (Milo et ai., 1980], 
and Lasfargues [1973] found exposure of cultures of 
breast tissue to collagenase for a few days at a time 
removed fibroblasts and left the epithelial cells. EDTA, 
4>n the other hand, may release epithelial cells more 
teadily than fibroblasts [Paul, 1975]. 
: Dispase II (Boehringer, Mannheim) selectively dis- 
lodges sheets of epithelium from human cervical cul- 
tures grown on feeder layers of 3T3 cells (see below) 
without dislodging the 3T3 cells [Stanley, personal 
communication). This technique may be effective in 
iubculturing epithelial cells from other sources, ex- 
cluding stromal fibroblasts. 



Nature of Substrate 

The hydrophilic nature of most culture substrates 
(see also Chapter 8) appears to be necessary for cell 
attachment, but little is known about variations in 
charge distribution on the cell surface and how differ- 
ent mosaic patterns may interact with different sub- 
strates. Since cell sorting in the embryo is a highly 
selective process and probably relates to differences in 
the distribution of charged molecules and specific re- 
ceptor* sites on the cell surface, qualitative and quanti- 
tative variations in substrate affinity should be 
anticipated in cultured cells. The relative tnfrequency 
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Dsys in Culture After Fractionation 

Fig. 13.11. Overgrowth of a stow-ftnminj? cell line by a rapidly 
#ro\vinfi amtaminant. Viis is a hypothetical example, hut it dem- 
onstrates that a 10% contamination with a cell popuhtitm which 
doubles every 24 hr will reach equal proportions with a cell 
population which doubles every 36 hr after only 10 d growth. 
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with Which this is actually found probably illustrates 
our ignorance of the subtlety of cell-cell and cell- 
substrate interactions. 

Thd selective effect of substrates on growth may 
depeni on both differential rates of attachment and 
growt i. although in practice the two are indistinguish- 
able. 1 tolyacrylamide layers allow the cloning of tumor 
cells 1>ut not normal fibroblasts [Jones and Haskill, 
1973, 19761. Transformed cells proliferate on Teflon 
while most other cells will not [Parenjpe et al.. 1975]. 
Macrophages will also attach to Teflon but do not 
proliferate. The dermal surface of freeze-dried pig 
skin was shown to allow growth of epidermal cells but 
not fibroblasts [Freeman et al., 1976]. Collagen, pre- 
sumably the basis of the selection, has also been used 
in gel form to favor epithelial cell growth [Lillie et al., 
1980] and in its denatured form to support endothelial 
outgrc wth from aorta into a fibrin clot (Nicosia and 
Leighion, 1981]. 

Feeder layers. The conditioning of the substrate by 
feeder layers has been discussed already; in Chapter 8. 
Feeder layers can 'also,' be ;uaod. foif^-selective growth 
of epidermal cells JRheinwald ? arKl>Xjrcen; 1975] and 
ifor repressing strong ^ 

j(F^ [Fresh- 
ney e| al. t 198 ijf able to 
demoiistrate that. human glioma will grow on confluent 
feeder layers of normal glia while cells derived from 
nprmajl brain wiljj riot (praliney, 1980] (Fig. 13.9; see 
Chapter 16). vV^"'?- " v - 

Semisolid supports. Transformation of many fibro- 
blast cultures reduces anchorage dependence of cell 
proliferation (see Chapter 16) [Macpherson and Mon- 



tagnier. 1964]. By culturing the cells in agar (see above) 
after viral transformation, it is possible to isolate colo- 
nies of transformed cells and exclude most of the nor- 
mal cells. Most normal cells will not form colonies in 
suspension with the same high efficiency as virally 
transformed cells, although they will often do so with 
low plating efficiencies. Colonies of hemopoietic cells 
will form in semisolid media [Metcalf, 19701, but these 
usually mature to nondividing differentiated cells and 
cannot be*subcultured (see also Chapter 16). The dif- 
ference between virally transformed fibroblasts and 
untransformed cells is not seen as clearly in attempts at 
selective culture of spontaneously arising tumors. Ex- 
periments in the author's laboratory have shown that 
normal glia and fetal skin fibroblasts will form colonies 
in suspension just as readily as glioma and melanoma 
(Fig. 13. 10). 

Cell cloning and the use of selective conditions have 
a significant advantage over physical cell separation 
techniques (next chapter) in that contaminating cells 
are either eliminated entirely by clonal selection or 
repressed by constant or repeated application of selec- 
tive conditions. Even the f best physical cell separation 
techniques wii I sdl I al lp^; v »nlc ; overlaip ; between cell 
populations , such' that overgrowth will recur. As long 
as this situation exists, a steady state cannot be achieved ; 
and the constitution of the culture is altering .continu- 
ously. From Figure 13 Jl it; can be sewi : tjutt: % a',M%; 
pure culture of line A will be 50% bv^rgrpwn by a y 
10% contamination with line B in 10 days^given that ; 
B grows 50% faster than A. For continued culture v] 
therefore, selective conditions are required in addition } 
to, or in place, of physical separation techniques. 
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